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Abstract 
A biofilter model was developed using the mass and energy balances in the gas, liquid 
and solid phases, which related the biofilter performance to the water content in the 
packing materiaL. A key simplification of the model was that the concentration gradients 
in the biofilm were neglected by treating the biofilm/water layer as well mixed and in 
instantaneous equilibrium with the gas phase. Thus, the biofilm geometry and density 
parameters were lumped into the overall degradation term. The solid phase was treated as 
a separate well-mixed layer but solid phase dynamics were accounted for by using the 
Linear Driving Force (LDF) mass transfer model. The mixed form of Richard's equation 
together with experimentally obtained unsaturated hydraulic conductivity and water 
retention curves for compost were used in the continuity equation for the liquid water 
phase. This approach produced a model where all parameters could be potentially 
independently determined. 
The model was used to test suitable irrigation strategies for a biofilter system degrading 
toluene subject to different operational conditions. Under this approach both uni-
directional and directionally switched biofilter configurations were testedfor aIm long 
column. The unidirectional schemes incorporated both open and closed loop irrigation 
schemes, where the latter was based on commonly used on-line moisture measurement 
techniques. All schemes were evaluated based on the removal efficiency achieved and the 
leachate produced. Simulations under a constant irrigation'rate of 5.46x 10-2 g/m2s for a 
mass loading range of 13-60 glm3h yielded removals ranging from 88%-26%. An order of 
magnitude drop in leachate under the high loading indicated severe drying in the system. 
For a high mass loading of 60 g/m3h, directional switching with a one-day frequency 
yielded a removal of 33% Vs 26% in an up flow scheme with similar leachate rates. 
Feedback control on water content provided an improved removal of84% as compared.to 
73% under constant irrigation, when both schemes were subjected to load and inlet air 
step disturbances from 13 glm3h to 62 glm3h and from 298 K to 283 K respectively. A 
sensitivity analysis indicated that the model was most sensitive to the relationship 
between moisture content and degradation, which was also reflected by the high 
sensitivity of the model to the kinetic parameters in the degradation term. 
1 
A novel batch recycle reactor was thus developed to investigate the effect of water 
content changes on the degradation rate in low water content systems such as biofilters. 
The reactor tightly controlled the water content of the unsaturated packing material by 
using the principle of a suction cell. Experimental runs were performed with toluene as 
the contaminant using unamended compost at a constant temperature of 30°C. Matric 
potential in the compost was maintained at values between -6 and -36 cm H20 and the gas 
phase was monitored by sampling/gas chromatography. A soil water retention curve 
relating matric potential to gravimetric water content was generated for the compost. 
Periodic dry weight analyses of reactor samples together with the water retention curve 
verified moisture content controL Degradation results demonstrated a biologically limited 
region followed by a non-linear region at lower concentrations.· Elimination capacities 
were obtained along the wetting and drying curves and changes in the water content 
affected the removal rates in the linear region ranging from 155 g/m3h to 24 glm3h over 
the matric potential range investigated. Repeatability studies indicated that moisture 
content was the most likely parameter that influenced the changes in performance. Batch 
scale experiments were also performed using microbially inhibited compost, which 
provided linear sorption isotherms for toluene on compost at concentrations between 
0-1000 ppmv and temperature values of 25 °C and 35°C. 
The simulation model developed here provides a useful tool to implement and evaluate 
various operational schemes under different irrigation strategies. This is achieved by way 
of greater flexibility in incorporating the various schemes into the base model and the 
comparatively low simulation time to obtain the relevant results. 
2 
Chapter 1: Gas Phase Biofiltration 
1.1 Introduction 
Biofiltration is a relatively modern technique for the elimination of low concentrations of 
volatile organic compounds (VOC) & Hazardous Air Pollutants (HAP) present in waste 
gas streams. Though originating from Europe, biofiltration has over the years found 
widespread applications in many fields and markets due to its cost effective nature in 
treating waste gas flows. Furthermore, this technology has evolved from rudimentary soil 
bed systems treating odours from sewage treatment plants to complex, enclosed multi 
storey systems treating toxics from a variety of industrial. sources (Leson & Winer, 1991). 
The driving force for the rapid growth and development of gas. phase biofilters could be 
primarily attributed to the high capital costs associated with meeting stringent air 
pollution legislation using conventional technology. Greater awareness of the detailed 
processes involved through diversified research has also created a favourable atmosphere 
for biofiltration (Devinny et al., 1999). 
The success of biofilters has predominantly centred on the ability to treat low 
concentrations (:::; 1,000 ppmv) of volatile organic compounds (VOC) present in high gas 
flow streams (1,000-50,000 m3/h) by way oflow operating cost and minimal by-products. 
The low pressure drop and the high removal efficiency attained for most compounds 
make this a very appealing technique. Research at various levels, complemented with 
mathematical modelling, has greatly revealed the intricate details of the various 
mechanisms involved in biofilter operation and has given this field an added impetus. 
Though various alternative technologies such as incineration, adsorption and wet 
scrubbing have been developed for waste gas elimination, their operational and capital 
costs are dependent on the relevant processing requirement. Furthermore, the potential for 
by-product formation under conventional waste gas control techniques has also promoted 
biofiltration as an eco-friendly yet successful way of treating VOCs. 
3 
1.2 Comparison with Other Technology 
Biofiltration over the years has successfully competed with the more conventional waste 
gas elimination techniques mainly by way of low operating costs, smaller pressure drops 
and minimal by-products. According to Devinny et at. (I 999), there is no universal waste 
gas treatment technology that could effectively and economically be applied to all 
commercial applications. Thus, in commercial applications, prior to selection the 
economic viability of available waste gas treatment schemes is assessed by way of a cost 
analysis (Leson and Winer, 1991). As seen in Fig. 1.1 techniques such as incineration, 
scrubbing and condensation are more suitable for handling high VOC concentrations, but 
suffer from various drawbacks, such as the production of nitrogen oxide during 
incineration and the generation oflarge quantities of wastewater. 
100,000 
10,000 
0.1 
~iofiltratiofl 
friclding Filters 
BioS(: rubbing 
.. 1 10 100 
C()nce~trati9n (Q(m3 ) 
Derived 'from Fig.1 ,4;Divinny •. s t . al. 1999 
. ,;,' . . '~ 
~.,:, .. ' 
Figure 1.1 Comparison of various air pollution control technologies 
1000 
The removal of VOC contaminants, through adsorption onto fixed or fluidised beds 
consisting of material such as Granular activated carbon (GAC) and Zeolite, has met with 
success in the past, particularly with VOCs with low vapour pressure and high molecular 
weights. However, the major drawback of this technique is the need to dispose of the bed 
material once it has reached saturation and this is aggravated due to the hazardous nature 
of the bed at this stage. Although an alternative to the above would be the regeneration of 
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the bed through desorption, using dry air or steam, the economic viability of this 
technique depends on whether the pollutant has recovery value and the free availability of 
steam. 
1.3 Contaminants Treated and Industrial Applications 
1.3.1 Global Applications 
In a global context, biofilter applications fall into three main categories: odour treatment; 
VOCIHAP control; and the treatment of petroleum hydrocarbons. According to Devinny 
et al. (1999) odour control occupies a significant portion of biofilter usage, while 
treatment of VOCs from process industries and contaminated soil sites is gaining 
popularity. The contaminant subjected to biofiltration should be biodegradable and non-
toxic (Swanson and Loehr, 1997) and greater removal could be obtained from organic 
compounds with low molecular weight and high solubility. Thus, alcohols, ketones, 
aldehydes and monocyclic aromatics have been successfully treated, while moderate to 
low removal are exhibited for chlorinated hydrocarbons and phenols (Leson and Winer, 
1991). Commercial industries that use biofiltration are given in Table 1.1. 
Table 1.1 Examples of successful biofiltration in Europe (Leson and Winer, 1991) 
-
Adhesive production 
Coating operation 
Chemical manufacturing 
Chemical storage 
Film coating 
Investment foundries 
Coffee roasting Industrial wastewater 
treatment plants 
Cocoa roasting Residential wastewater 
treatment plants 
Fish frying Composting facilities 
Fish rendering Landfill extraction 
Flavours and fragrances Waste oil recycling 
Pet food manufacturing Print shops 
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1.3.2 Biofilter Applications in New Zealand 
In New Zealand, the application of biofiltration has predominantly focused on odour 
control. Preference for this technique has primarily been due to the high capital and 
operating costs associated with the more conventional odour control technology (Archer 
and Fullerton, 1992). Compost/soil based biofilters have successfully been applied in the 
treatment of odorous air (sulphides) from trickling filters used in municipal wastewater 
treatment plants. Biofiltration has also been utilised in meat rendering plants to treat off 
gas odour concentrations up to 1 X 106 OU m-3; containing both organic and inorganic 
compounds (Luo and van 00 strom, 1997). Literature (Gostomski, 2000) indicates a 
gradual diversification of the industries utilising. biofiltration for odour control. 
Enactment of legislation governing air pollution, such as the Resource Management Act 
(1991), could also result in more industries embracing biofiltration as an efficient yet cost 
effective, air pollution control technology. 
1.4 Description of the Mechanism Involved 
Biofilters normally consist of either organic (compost, peat) or inorganic (soil) porous 
media, which are conducive for the growth and attachment of the microorganisms. The 
microorganisms normally thrive in a biofilm (Fig 1.2) or in the liquid phase surrounding 
the porous media under favourable conditions. 
These systems are also defined as fixed film bioreactors due to the very nature of the 
biofilm attachment onto the solid phase. Thus, contaminants from a humidified waste gas 
stream are simultaneously adsorbed/absorbed and biodegraded in a biofilter (Luo & Van 
Oostrom, 1998). The absorbed contaminant diffuses through an acclimated consortium of 
microorganisms, where degradation as a primary or co substrate maintains concentration 
gradients in thebiofilm (Swanson & Loehr, 1997). The absorbed phase contaminant is 
subjected to adsorption onto the biofilm, organic matter and the solid surface. 
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Figure 1.2 The biofiltration principle, the fate of pollutants and the physiological states 
of the process culture ( From Deshusses, 1997) 
Adsorption has been identified as the predominant form of contaminant removal at the 
initial stages of biofilter operation (Devinny & Hodge, 1995). This process is credited 
with reduced contaminant release during microbial acclim.ation. Biofilters often operate 
under transient conditions due to the fluctuating VOC emissions and intermittent 
operations and the adsorption capacity of the packing material acts as a buffer to attenuate 
the shock loadings (Baltzis & Androutsopoulou, 1994). The adsorption capacity of the 
media can be affected by external factors such as water and polymeric material present in 
the biofilm. The sorbed contaminant provides the necessary carbon· and energy· for 
microbial activities. The removal efficiency of a biofilter is either mass transfer 
(diffusion) or biologically limited, and depends on many factors, such as concentration, 
nature ofthe compound treated and biofilm characteristics. 
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1.5 Objectives of Research 
The overall objective of this study is to develop a biofilter model to investigate the 
relationship between performance and the water content of the packing material. The 
governing equations developed are based on the mass and· energy balances in the gas, 
liquid and solid phases. A number of assumptions are introduced in reflection of the 
model goals, ease of numerical solution and eventual experimental verification. 
The compound selected . for modelling purposes is toluene. This contaminant is highly 
volatile, hydrophobic and is a major constituent in automobile gasoline while also being 
used in substantial quantities as a feed material in process industries (Elmirini et al., 
2001; Hwang and Tang, 1997). Owing to its low solubility, toluene has become a source 
of concern with· regard to subsurface soil and groundwater contamination, which has 
generated significant interest in the area of soil vapour extraction (SVE) of non-aqueous 
phase liquids (NAPL) (Wilkins et al., 1995; vander Ham et al., 1998; Sleep et al., 1989) 
In addressing the key objective, irrigation control strategies encompassmg open and 
closed irrigation are implemented using the model for a variety of operating conditions, 
and evaluated based on removal efficiency and leachate produced. In the above exercise a 
sensitivity analysis on model parameters is also performed to explore the effect of 
assumptions made with regard to parameter estimation. A novel batch recycle reactor is 
also developed in this study and is used to investigate the effect of water content changes 
on the degradation rate in low water content systems such as biofilters. The adsorption 
isotherms of toluene on compost and their temperature dependence are also ascertained 
during this study using batch scale experiments. 
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Chapter 2: Literature Review 
2.1 Biofilter Configurations 
Biofilter systems originated as single bed open systems as depicted in Fig 2.1 (Leson and 
Winer, 1991). An excellent description of the different systems available and their 
relative merits/demerits is available in Swanson and Loehr (1997). Pre-treatment 
processes are carried out primarily to ensure optimal microbial activity and to prevent 
excessive moisture loss from media. Supplementary operations on the off-gases include 
removal of particulate matter (oils, fats), temperature regulation and pre-humidification. 
Biofilter systems may be operated as top or bottom loaded where the former scheme is 
deemed to be favourable for moisture control under high loading and also for facilitating 
a better drainage. Upward flow is suitable in the treatment of compounds, which produce 
acidic by-products, where pH drop in the active lower regions could be avoided using 
irrigation without affecting the pH of the entire bed (Devinny et aI., 1999). The above 
configurations could also vary, depending on whether the air distribution is performed as 
forced or induced draft. 
Figure 2.1 A typical forced draft upflow biofilter system 
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2.2 Internal Structure of a Biofilter 
The following discussion focuses on some of the fundamental internal components 
(phases) of an air phase biofilter. 
2.2.1 Water Phase 
Biofilters may contain a standing water film outside the periphery of the biofilm, 
provided a net increase in the water content occurs. The water film could host a mobile 
array of microorganisms (Devinny et al., 1999) and is normally regarded as stationary 
(Gostomski et al., ·1997). However, the exception to this could occur due to irrigation or 
condensation, where field capacity would have been reached, resulting in drainage. 
Experimental work performed by Hon (1999) had indicated smaller hydraulic 
conductivity in compost as compared to various sand types, which was subsequently 
attributed to the presence of larger pores and poor connectivity in the former medium. 
The transport mechanism would thus incorporate both a laminar liquid flow and a 
diffusional mass transfer of contaminant through the liquid layer. 
2.2.2 Biofilm 
Successful biofilter design/operation would be greatly enhanced by understanding the 
intricacies of the biofilm structure. Biofilms, by nature, host a thriving community of 
organisms (bacteria, fungi and actinomycete) that facilitate an efficient biodegradation 
process. The microbial ecosystem may also consist of protozoa, which effectively engage 
in a predatory role using processes such as phagocytosis. A common occurrence would be 
axial stratification of the heterotrophic microorganisms due to the disparity in the gas 
phase concentration along the column height (Devinny et al., 1999). From a microbial 
perspective compost is preferred due to the indigenous consortium of microorganisms 
present (Cardenas-Gonzales et al., 1999). Inoculating with a species grown on the target 
pollutant could minimise the acclimation time (Leson and Winer, 1991), although success 
may be temporary due to competition from native organisms (Bohn, 1992). Acclimation 
time in literature is defined as the time taken to reach 95% of maximum removal and the 
relative importance of it with respect to initial and restart is . clearly stated in Swanson and 
Loehr (1997). Cellular acclimation has been defined as a process, whereby enzymes are 
synthesized through a complex interaction among the genes, Ribonucleic acids (RNA) 
and proteins. Experimental work performed by Webster et al. (1997) using compost and 
. GAC biofilters for the treatment of hydrogen sulphide, indicated a gradual acclimation of 
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the microbial community to low pH conditions, which was depicted as stable populations 
under PLF A (phospholipids fatty acids) analysis of the ecosystems. 
From a structural aspect, the biofilm geometry has been subjected to many studies. 
However, in Devinny et al. (1999) the biofilm has been defined as a uniform layer of cells 
enclosed in a polysaccharide gel, which is predominantly water. The biofilm could also 
consist of entwining channels that could conduct water. The water within the 
polysaccharide gel (in the periphery of the cell) would normally be regarded as stationary 
(de Beer et al, 1994) and molecular diffusion advocated as the mass transfer mechanism. 
The planar one-dimensional biofilm concept used in modelling has been subjected to 
criticism (de Beer et al , 1994), as experimental work had indicated that the biofilm 
geometry for fixed film reactors consists of cell clusters and interstitial voids (Fig 2.2) . 
This was confirmed by confocal scanning laser microscopy, which indicated the existence 
of cell clusters of 300 ~m diameter and pores (voids) of 20 - 40 ~m in diameter. Thus, 
results from this work indicated that substrate transport to the biofilm was facilitated 
through the bulk phase and from the array of pores extending to the substratum (solid 
phase) . 
Figure 2.2 Conceptual model of bioi film : (A) cell cluster, (B) pore, (C) conduit (From 
Debeer et al., 1994) 
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2.2.3 Biofilter Packing Material 
The selection of a suitable bed medium plays a pivotal role in the performance and 
operational cost of a biofilter system. The rapid growth in biofiltration has seen the use of 
both synthetic and organic material as bed media with varying success. The need for 
superior forms of packing stems from the need to attain higher removal efficiencies, 
which in turn is affected by crucial media characteristics such as water retention, specific 
surface area and internal pore structure. Typical biofilter media consist of organic 
material, inert bulking material, pH buffer and mineral salts, while the low cost media 
primarily consist of soil. Media properties expected from a packing material have been 
stated by Swanson and Loehr (1997) as follows: 
• Optimal microbial environment. 
• Large specific surface area. 
• Structural integrity. 
• High moisture retention. 
• High porosity. 
• Low bulk density. 
Literature (Devinny et aI., 1999; Swanson and Loehr, 1997; Leson and Winer, 1991) 
indicates the widespread use of compost as a packing material in most air phase 
biofiltration processes. The high demand for compost occurs mainly due to its low cost 
and also due to the presence of an indigenous microbial consortium, which avoids the 
need for inoculation. Furthermore, the neutral pH and good water retention has made 
compost more attractive than other forms of packing material. However, compaction 
resulting from consolidation tends to increase the pressure drop and as a result various 
bulking agents need to be added to counteract this phenomenon. Peat is an alternative 
. organic material but due to its hydrophobic (if dried), acidic nature is rarely used alone as 
a packing material, but is used in conjunction with other bulking agents (Devinny et al., 
1999). The need to inoculate a peat bed and the necessity to add nutrients also are a 
drawback to the extensive use of this material. 
Soil is another common bed material which is relatively inexpensive and yet contains 
numerous microbes. Also, its potential to rehydrate as compared to organic media which 
display irreversible drying in the absence of sufficient irrigation is a plus factor in 
selecting soil. However, its low permeability can cause potential problems with regard to 
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channelling of the gas stream and loss of removal efficiency (Devinny et al., 1999). Soil 
beds are therefore operated at high gas residence time in the treatment of slowly 
degrading compounds (Bohn, 1992). 
Mineralization of organic mediums and the resulting bed compaction, severely affects the 
efficiency of a biofilter. Hence, organic media are normally supplemented with inert 
bulking agents that facilitate an increase in the useful life of the medium (Swanson and 
Loehr, 1997). Typical amendments added are wood chips, bark, polystyrene and GAC. 
Another type of bulking agent that is commonly used due to its ability to reduce the 
pressure drop and channelling is chaff (Tang et al., 1996). In addition to improving the 
porosity and reducing pressure drop and compaction, these bulking materials also perform 
secondary tasks such as increasing the adsorptive capacity and pH buffering .. 
2.3 Moisture in Biofilters . 
2.3.1 Introduction 
A major setback to successful biofilter operation is the inability to maintain the media 
water content at desired levels. According to Bohn (1992), with proper maintenance of 
water content, removal efficiencies in the range of 99-100% are possible. Moisture 
content has been singled out as the most important and sensitive parameter in biofilter 
operation (van Lith et al., 1997). Water. content in the media is significant as the 
microbial consortiums populating a biofilter bed depend on moisture for their metabolic 
activity. According to Bohn et al. (1999), organic media moisture content of 50-60% wet 
basis provides good performance. This corresponds to a water activity of 0.94-0.97 that is 
required by the common type of microorganisms found in a biofilter e.g. Pseudomonas 
jluorescenes, Aerobacter aerogenes etc (Cox et al., 1996; Devinny et al., 1999). Moist 
organic media tend to exhibit increased sorption capacity with respect to hydrophilic 
compounds (Hodge and Devinny, 1997; Leson and Winer, 1991), which has subsequently 
been attributed to increased partitioning of these compounds due to their greater water 
solubility. 
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Excess moisture in the medium causes: 
• Increased pressure drops and reduced retention times due to the filling up of pore 
space by water. 
• Reduced air/water interfacial area and the formation of anaerobic zones. Odour 
(hydrogen sulphide) emissions and poor performance could occur as a result. 
• Loss of valuable nutrients and microbial species as leachate. 
• The incurring of high costs in disposing the leachate produced. 
A bed medium that is too dry causes: 
• Retardation of microbial activity. The lack of moisture would hinder the formation of 
a wet 'biofilm' and thereby limit microbial growth (van Lith et at., 1997). 
• Bed contraction and subsequent channelling of gas. due to the formation of cracks. 
The resulting low residence times could cause a loss of efficiency. 
• Irreversible drying of hydrophobic media. Humidification and subsequent water 
addition does not rejuvenate the bed, but promotes channel formation (Cardenas-
Gonzalez et at., 1999). 
Thus, it is imperative that the correct water content be maintained at all possible times to 
ensure suitable performance. Review papers indicate a wide range of optimum values for 
the moisture content, although the actual value would depend on media composition and 
physical characteristics of the compound treated (van Lith et at., 1997). A moisture 
content of 40~60% wet weight was recommended by Leson & Winer (1991), while 
Pinnette (1995) indicated a moisture content below 40% wet weight as detrimental to 
performance. Based on practical experience; van Lith et al. (1997) recommended that the 
moisture content should be maintained around 40% wet weight for compact, poorly 
drained soils and at 60% wet weight for lighter, highly porous media. 
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2.3.2 The Difficulty in Controlling Moisture Content 
Very few investigative studies have ascertained the mechanisms of water content change 
and the techniques available to counter this phenomenon. Influence of water content on 
the degradation of specific compounds has been observed in lab scale work. Microcosm 
experiments performed by Acuna et al. (1999) for toluene degradation in a peat medium 
indicated reduced degradation at low water contents, although a water activity sufficient 
to maintain the metabolism was said to prevail. A decrease in ethanol elimination 
capacity in a peat medium was observed by Auria et al. (1998) at low water contents and 
was attributed to the poor absorption capacity of the material together with low water 
activity at reduced moisture content. Experiments performed by Govind et al.(1993) for 
isopentane degradation on compost indicated an irreversible decline in performance 
below a water content of 0.58 gig dry weight and a drop in removal efficiency for 
moisture contents above optimal values of 0.65 gig dry weight. Furthermore, the recovery 
process of compost from· a dried-out condition was also monitored experimentally by 
Yang and Allen, (1994) and Cardenas-Gonzalez et al. (1999). 
A thorough analysis of the thermodynamics of biofilters by van Lith et al. (1997) 
identified five mechanisms for moisture content change. Moisture loss was dependent on 
factors such as contaminant loading, off gas temperature and external conditions, with 
rapid bed dry out possible at concentrations greater than 0.5 glm3 and at elimination 
capacities greater than 50 glm3h. Gostomski et al. (1997) carried out a mass and energy 
balance to identify three mechanisms for water content change and experimentally 
showed that microbial heat generation could cause drying and loss of activity in a pilot-
scale compost biofilter treating toluene. Experiments by Cox et al. (1996) verified the 
presence of a water content gradient in a perlite medium treating styrene and also 
highlighted the influence of humidity and water content on microbial degradation. 
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Moisture loss mechanisms, which tend to complicate the maintenance of moisture, are: 
• Non-Saturated Air at Inlet 
Unsaturated off gases, while propagating through the bed, tend to remove moisture 
until equilibrium between the two phases is reached (van Lith et aI., 1997). 
Experimental work by Cox et al. (1996) indicated that inlet air humidity had a 
significant influence on performance and the resulting drying fronts. This work 
complemented the work performed by Gostomski et al. (1997), who also observed 
moisture stripping by inlet air even at high inlet humidity. 
• Microbial Heat Generation 
The exothermic metabolic activity of the microbial consortiums present in a 
biofilter generates heat. The heat released is compound specific and quite 
substantial in certain instances (Devinny et al., 1999; van Lith et al., 1997). 
Gostomski et al. (1997) and Strieberg et al. (2001) observed moving waves of 
. degradation in biofilter beds, due to the evaporative moisture loss from consecutive 
sections of the bed, which eventually retarded activity throughout the bed. 
• Redistribution 
Experimental work of Cox et al. (1996) indicated an uneven distribution of the 
water content which was attributed to the presence of different mechanisms. The 
resulting water potential gradient effectively initiated a water flow in the 
unsaturated media, as governed by Darcy's law. Moisture distribution by capillary 
gradients would influence the effects of other moisture loss mechanisms (Gostomski 
et al., 1997). The importance of this mechanism would be seen during the addition 
of water to counter microbial drying and when manipulating the overall water 
content. The hydraulic gradient and the unsaturated hydraulic conductivity form the 
driving force for this mechanism. Experimental observations by Hon (1999) 
indicated that the unsaturated hydraulic conductivity of compost was of an order of 
magnitude lower than that of soil. These findings effectively nullified the common 
assumption of rapid redistribution of moisture in compost. 
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• Media Degradation and Heat Loss to the Surroundings 
Biofilters transfer heat with the surroundings, which causes temperature differences 
between the off gas and bed material, and results in moisture transfer (van Lith et 
al., 1997). Gostomski et al., (1997) experimentally indicated the existence of radial 
temperature gradients, which facilitated the evaporation of water from the active 
centralised parts of the reactor and caused condensation at the walls. Heat exchange 
with the environment tends to be greater in small-scale, poorly insulated biofilters 
as these would be easily susceptible to sudden changes in ambient conditions. 
Media degradation was identified as a source of moisture loss, although on a 
relative basis it was shown to be of low significance. The evaporative losses 
associated with this exothermic bio-reaction was said to depend on factors such as 
media composition, age and bed temperature .. 
17 
2.3.3 Methods of Control 
Numerous biofilter researchers have highlighted the maintenance of proper bed moisture 
as a key to successful performance over a sustained period of time. As discussed in the 
preceding section, the presence of moisture loss mechanisms tend to add some 
complexity to the process of maintaining appropriate bed moisture. Thus, any feasible 
technique should incorporate both monitoring and controlling of moisture content. 
Techniques available for moisture control are: 
a) Pre Humidification 
. Industrial bioreactors commonly use humidification chambers located before the blower 
tp prevent rapid bed dry out. Swanson and Loehr (1997) described various humidification 
designs where the selection of an appropriate type would depend on the location and cost 
(Devinny et at., 1999). However, prehumidification would only minimise the rate of 
drying and hence supplementary irrigation schemes need to be implemented. 
b) Direct Irrigation 
Irrigation systems commonly use a variety of systems such as overhead sprinklers, soaker 
hoses or pressure compensated irrigation hoses (Devinny et al., 1999). An effective 
. irrigation system would require periodic monitoring and control, the accuracy of which 
would need to increase with the contaminant load (van Lith et al., 1997). Monitoring of 
bed moisture content was categorised into two sections, namely automatic and manual, by 
van Lith et al. (1997) and four common monitoring and controlling strategies discussed. 
The suitability of the various techniques was dependent on the degree of moisture loss 
and level of maintenance performed. A similar classification and the relative 
merits/demerits of the systems currently available, was provided in Devinny et al. (1999). 
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2.4 Temperature 
Biofilters consist of microbial consortiums, and hence, long-term temperature effects on 
the ecosystem would be quite different as compared to a single species environment 
(Devinny et al., 1999). Owing to the diversified structure, the microbial ecosystem tends 
to be more resilient to temperature variations, which is indicated by the rapid recovery 
exhibited (Leson and Winer, 1991). According to Pinnette et al (1995) biofilter 
operations rely on mesophilic temperatures (25-35 0c) due to the prevalent high microbial 
diversity. Increased temperature would result in lower solubility/sorption capacity in the 
medium (Bohn, 1992), which could have an adverse impact on performance. The most 
common type of temperature control arises from the .need to cool off-gases entering at 
high temperature. While humidification would indirectly aid this process, an accurate 
control over the final temperature attained is not possible. Thus, this reduction in off-gas 
temperature could be facilitated through the use of heat exchangers or by dilution with 
ambient air to reach the desired entry temperature. The selection of the latter technique 
would ultimately depend on whether the cost of installing a heat exchanger exceeds the 
cost associated with the extra medium required to ensure a low empty bed residence time 
(EBRT) with diluted air (Swanson and Loeher, 1997) 
2.5 Biofilter Terminology 
2.5.1 Empty Bed Residence Time (EBRT) 
In literature EBRT has been defined as the ratio between empty bed filter volume and the 
volumetric airflow. 
EBRT= Volume ofbiofilter bed/Air flow rate [Eq.2.1] 
The EBRT tends to overestimate the actual residence time, as the pore volume available 
for airflow is significantly reduced, due to a substantial fraction of the bed volume being 
occupied by the packing material. Hence, the true residence time would reflect the actual 
volume available within the filter bed for airflow and provide a realistic quantification of 
the residence time. The impact of the above parameter on biofilter performance is that a 
high residence time correlates to a higher removal efficiency, but is not always feasible as 
this would amount to a larger filter bed and hence higher start-up costs. Typical values for 
EBRT in biofilter operation tend to vary between 15 s to 1 min for high VOC 
concentration (Swanson and Loeher, 1997). 
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2.5.2 SurfacefMass Loading 
Surface loading reflects the volume of air being treated per unit area of filter material. 
Normalisation of the above parameter facilitates the comparison between different 
biofilters. High surface loads characterise higher flows, shorter EBRT, low removal 
efficiency and are restricted due to the potential of drying (Swanson and Loehr, 1997). 
The pressure drop associated with high surface loading could also impose a limitation on 
the volume of air to be treated, although loads as high as 500 m3/m2h were used for 
optimised filter material mixtures (Leson and Winer, 1991). Typical values for surface 
loading range from 50-200 m3/m2h. 
Mass loading' is defined as the mass of contaminant applied to the biofilter per unit 
volume of filter material. Owing to the plug flow nature of the bioreactor, the 
contaminants tend to decrease in the axial direction and the mass loading reduces 
accordingly along the 'length of column. Furthermore, as it is a function of both the 
concentration and'volumetric flow rate, bioreactor performance could vary for identical 
mass loadings (Swanson and Loeher, 1997). 
2.5.3 Removal EfficiencylElimination Capacity 
Removal efficiency and elimination capacity are indicators of performance within a 
biofilter system. The removal efficiency (RE) indicates· the fraction of contaminant 
removed, while elimination capacity (Ee) represents the contaminant removed, per unit 
volume of filter bed per unit time. These parameters are of vital importance as the 
optimisation of these should be the final objective of any design/operation strategy to 
meet increasingly stringent regulatory requirements. 
[Eq.2.2] 
[Eq.2.3] 
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Literature indicated a high RE in the range of 95-99% with respect to aromatic 
compounds. Although RE is a very convenient indicator of performance, the major 
drawback of this parameter is its variation with inlet concentration, air flow and biofilter 
volume. Thus, in order to make realistic comparisons between two different systems the 
normalised approach ofEe is used. Ee tends to vary with concentration, EBRT and mass 
loading, while typical values for Ee range from 10-300 g/m3h (Deviimy et al., 1999) 
2.6 Past Studies on Biofilter Modelling 
2.6.1 Introduction 
Biofilters have often been treated as black boxes due to the complex interaction of various 
chemical, physical and biological processes in biofiltration. Thus, the need for 
fundamental knowledge is imperative to facilitate the development of design criteria 
based on experimental results obtained, which otherwise is dependent on empirical 
evidence. Development and subsequent validation ofbiofilter models therefore provides a 
.. useful tool to elucidate the complexity of the processes involved and would greatly 
enhance the ability to· predict performance while paving the way for sound biofilter 
designs. 
Transient and steady state biofilter models constructed in the past have primarily 
attempted to explore performance under different operating conditions and also the 
sensitivity of performance to biofilm parameters. While model simulations have greatly 
increased the awareness of the detailed processes involved and provided an insight into 
the interaction of the complex activities at microscopic scale, the nature of certain 
simplifications and parameter estimations made in the development of models casts a 
sense of doubt into their actual usefulness. In particular, the models that tend to 
incorporate biofilm dynamics pursue an approach of fitting column data to evaluate the 
relevant biofilm parameters instead of using independent experimental techniques. Most 
dynamic models constructed have ignored the coupled mass and energy balance 
relationship present in a biofilter and have assumed an isothermal operation coupled with 
a uniform moisture content. These inherent weaknesses in existing models curtail their 
usefulness when required to ascertain the implications of, water addition rates, 
propagation of drying fronts, water movement through the bed material and leachate 
production. Only one other model (Mysliwiec et a!., 2001) in addition to the current 
21 
model developed in this study incorporates a combined mass and· energy balance 
approach to address the above issues, which are commonly encountered in full-scale 
biofilters. 
2.6.2 Diffusion Type Models 
Amanullah et al. (1999) presented a comprehensive review of recent biofilter models and 
categorised them into detailed diffusion models and LDF (Linear Driving Force) 
approximation models. The diffusion models, which use relatively realistic biofilm 
geometries, have progressed to become mathematically elegant. However, the parameters 
associated with the biofilm geometry (e.g. - thickness, percent coverage, density) are 
difficult to validate independently and are often used as fitting parameters. 
A brief review of some diffusion type models available in literature is given below. 
• Ottengraf et al, Model 
Ottengraf et al.(1983), with their pioneering biofilter modelling, provided the 
background for the development of subsequent models. The steady state model 
developed, incorporated a plug flow type behaviour for the gas flow. The mechanism 
advocated for pollutant removal was inter-phase mass transfer followed by 
degradation in the biolayer as zero order kinetics. The governing equations were 
analytically solved for both reaction and diffusion limited scenarios under zero order 
kinetics. Continuous and batch scale studies using a mixture of compost and peat were 
presented to verify the above, using toluene, butanol, ethyl acetate and butyl acetate. 
• Shareefdeen et al, Models 
Shareefdeen and Baltzis (1993) developed a biofilter model for the removal of 
methanol vapour. This model based on principles similar to that of Ottengraf s, 
introduced several novel, yet practical concepts. In formulating the reaction kinetics, 
the authors introduced oxygen and substrate limitations. Oxygen limitation was 
modelled by a Monod relationship, while substrate inhibition kinetics was modelled 
on an Andrews's type relationship. Furthermore, the concept of an effective biofilm 
. thickness, which was determined by the depletion of one of the components before the 
biofilm/solid interface, was also introduced. The use of numerical methods for the 
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solutions had avoided the simplification into first and zero order kinetics, which 
previous models had extensively relied on. The model advocated diffusion and 
degradation of contaminants in the biofilm, while axial dispersion in the gas phase 
was neglected. The model parameters in this case were determined both by literature 
surveys and through suspended cell experiments. The model was validated using 
experimental data from "separated" and "non-separated" colurims. This model was 
subsequently used to model the biofiltration of hydrophobic compounds such as 
benzene and toluene using different kinetic expressions for the specific compounds 
(Shareefdeen et al., 1994a). This steady state model was also used to analyse and 
compare performance with the models of Ottengraf (Zarook et aI., 1997). The above 
model was also extended to the biofiltration of toluene vapour under transient 
conditions, while incorporating concepts such as part~al biofilm coverage of the solid 
media and adsorption into the solid surface (Shareefdeen et al., 1994b). The 
adsorption of toluene into the solid media was modelled using a Freundlich isotherm. 
The resulting analysis indicated that for hydrophobic compounds oxygen limitation 
was not as significant as it was for hydrophilic compounds. Sensitivity analysis 
performed on kinetic parameters in the degradation term invalidated previous claims, 
which advocated simplified biodegradation (first or zero order kinetics) to obtain 
analytical solutions. The main drawback to this model was the estimation of certain 
model parameters by fitting column data, which introduced a certain discrepancy to 
the predicted results. 
• Deshusses et al., Model 
Deshusses & Dunn (1995) developed a biofilter model based on the elimination of a 
binary mixture of methyl ethyl ketone (MEK) and methyl isobutyl ketone (MIBK). 
This model was intended to provide an insight into transient (dynamic) responses and 
to binary contaminant loading. In this novel approach to modelling, the actual biofilter 
was divided into 10 finite sections (layers) and mass balances written for the 
pollutants in each of the subdivisions in a layer. Each layer contained a gas phase, 
biofilm and sorption volume. The biofilm contained four subdivisions, which were 
well mixed. Oxygen limitation was excluded based on experimental evidence. A 
competition inhibition constant in the rate expression accounted for substrate 
competition. Contaminants were subjected to diffusion, biodegradation in the biofilm 
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and finally storage in the sorption volume. The sorption volume contained the excess 
water content dispersed in the bed and was intended to act as a buffer for fluctuations 
in contaminant concentrations. Model simulation depicted the concept of competition 
between the contaminants, where MIBK was deemed to be more sensitive to 
competition than MEK The existence of diffusion and reaction controlled regimes 
was indicated in the parametric sensitivity. In this model, adsorption of contaminants 
onto the solid surface was neglected, which prevented the estimation of contribution 
by different filter material to performance. Furthermore, as stated by Tang et al. 
(1997) the use of the sorption volume to buffer transients could underestimate the 
adsorption of hydrophobic compounds by different filter material. 
• Abumaizar et at, Model 
Abumaizar et al (1997) developed a steady state biofilter model for the elimination of 
benzene, toluene, ethyl benzene and a-xylene (BTEX). The unique feature of this 
model was the introduction of a dual media concept to assess its feasibility on 
contaminant removal. The gas flow was assumed to be plug flow while the medium 
was comprised of compost and GAC. In this model, the degradation kinetics followed 
a Monod relationship, which subsequently reduced to either first or zero order 
depending on the contaminant concentrations. The contaminants were subjected to 
diffusion/oxidation in the biofilm and to adsorption by activated carbon. 
Biodegradation in the adsorbed phase was treated as instantaneous and the rate-
limiting factor was treated as the zero order adsorption rates. Model parameters were 
obtained from column studies and literature. Simulation results were validated using 
columns containing varying GAC content, which also highlighted the effect of mixed 
media composition, on BTEX removal. 
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2.6.3 Linear Driving Force (LDF) Models 
The lumped LDF approach has found widespread applications in fixed bed adsorption 
work due to its ability to approximate accurately the solution from the differential 
equation pertaining to diffusional mass transfer into the solid phase (Yang, 1997; 
Ruthven, 1984). Recent biofilter models have incorporated the LDF concept to model the 
dynamics in a combined solid/liquid phase. The LDF approach lumps the interfacial and 
diffusional mass transfer resistance in the solid phase into an overall mass transfer rate 
coefficient, which simplifies the mathematics by eliminating the biofilter geometry and 
the associated differential equations (Amanullah et al., 1999). 
Hodge & Devinny (1995) developed a biofiltration model, which incorporated a LDF 
approach in modelling the interphase and diffusional mass transfer. This model 
incorporated an axially dispersed plug flow behaviour for the gas phase, while 
mechanisms such as adsorption, absorption and degradation, were also included. The key 
parameters were determined through both continuous flow columns and batch scale 
experiments. The model was experimentally validated using ethanol and bed material 
consisting of compost, activated carbon and a mixture of compost/diatomaceous earth 
(Hodge and Devinny et at., 1994). The fundamental difference in this model was that the 
solid and the biofilm were treated as one single phase with an average concentration. A 
first order degradation was selected to represent substrate degradation in the unified 
phase. Amanul1ah et at. (2000) developed a similar LDF model for the degradation of 
MEK on compost and GAC. In this case, the LDF model was extended with success for 
non-linear isotherms for MEK adsorption into GAC. The biodegradation of MEK was 
described by an expression of the form of Michaelis-Menten kinetics. Breakthrough 
column experiments had provided the key parameters in the model. The reaction rate 
parameters were evaluated using transient to steady state biofilter response for a range of 
contaminant loading. 
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2.6.4 The Volume Averaged Model of Mysliwiec et al., 2001 
Most biofilter models (of either type) assume an isothermal operation coupled with a 
" ' 
uniform moisture distribution profile, Mysliwiec et al. (2001) developed a comprehensive 
non-isothermal model detailing the moisture and energy balance in an upflow biofilter 
{ 
treating toluene. This transient model, reli,ed extensively on the concept of volume 
averaging to spatially smooth, phase specific microscopic equations to produce equations 
that were valid within the entit:e porous, media, The hierarchal structure present in a 
porous media, presents disparities in the length scales, which were smoothed out using 
the concept of volume averaging in this work (Whitaker, 1999). The phases involved in 
the porous media were regarded as a continuum at points within the medium occupied. 
This rigorous technique was very useful in analysing a complex structure such as a porous 
medium, where at a microscopic scale the surface configurations and the boundary 
conditions were quite difficult to estimate independently. Hence, by transforming the 
problem to a macroscopic one, the microscopic scale parameters that were difficult to 
, 
quantify through independent experimental means were eliminated, This approach 
transformed the model from a detailed diffusion type model to an LDF type model 
(Mysliwiec, 2000). In the transformation, each phase was regarded as a continuum in the 
entire domain and averaged values of phase variables taken over, a Representative 
Elementary Volume (REV) centred at points in the continuum: A spherical REV was 
selected in the model and by traversing through the entire porous dom~in wi,th a moving 
REV, macroscopic parameters that were functions of spatial coordinates were obtained. 
! / 
In the model, the growth term was described using a double Monod relationship to depict 
, 
the functional dependence on substrate and nutrients, and was complemented with 
expressions for moisture, temperature and biofilm density. The evaporation term was 
modelled on the basis of laminar gas flow and the corresponding mass transfer coefficient 
accounted for pore size and moisture content. Biomass desiccation was included in the 
model to account for the transfer of bound water in the biofilm to the free liquid water. 
The resulting two-phase system was modelled by writing the gas and liquid permeability 
as functions of effective saturation. The model parameters were either estimated through 
literature analysis or from experimental work. This model highlighted the relative 
importance of varying bed permeability (hydraulic conductivity) on local moisture 
content and performance under water addition. 
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Chapter 3: Model Development 
3.1 Introduction 
The objective of this modelling exercise was to develop an effective transient biofilter 
model to investigate the relationship between performance and the water content of the 
packing material. The governing equations were based on conventional mass balance 
techniques combined with mass transfer theory, which coupled the gas phase to the 
liquid/biofilm. The key assumption was that diffusion in the biofilm was neglected. This 
was based on the fact that, due to the difference in the length scales of the biofilm and 
solid phase, the time scale of activity in the biofilm was two orders of magnitude lower 
than that of the solid phase. Therefore, the biofilm was assumed to be in instantaneous 
equilibrium with the gas phase and the degradation within the biofilm was directly a 
function of the gas phase concentration similar to traditional solid-phase catalysis. Thus, 
under this approach biofilm dynamics were ignored and greater emphasis was placed on 
the solid phase dynamics. Hence, the uncertainty associated with the biofilm parameters 
(biofilm thickness, specific surface area, coverage etc) in the detailed diffusion models 
was transferred into a lumped degradation term under this model. The solid phase 
dynamics were modelled using a LDF (Linear Driving Force) approach. In this approach 
the solid phase was treated as consisting of well-mixed layers (individual particles in the 
layer treated as well mixed continuous stirred tank reactors (CSTR)). Furthermore, under 
this conceptual model, since mass transfer dynamics were relegated to the inert solid 
phase, a biologically limited scenario was modelled (Ottengraf, 1983). These assumptions 
and structures produced a dynamic biofilter model where all parameters potentially could 
be independently validated. For modelling purposes, toluene was selected as the model 
compound. 
A number of assumptions were introduced in reflection of the model goals, ease of 
numerical solution and eventual experimental verification. These are listed below: 
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3.2 Assumptions in Model Development 
L Ideal plug flow behaviour for the gas. The Peelet number is normally"" 300-600 in 
most biofilters, which indicated plug flow (Amanullah et al., 1999). 
2. Change in local water content in the compost column had little effect on the overall 
gas porosity and therefore the gas phase velocity (permeability) was treated as 
constant (Gostomski et al., 2001). 
3. Gas/liquid biofilm was in equilibrium at the interface according to Henry's law. 
4. For absorption, the mass transfer resistance in the liquid biofilm was neglected and 
local instantaneous equilibrium with the gas phase was assumed. This was based on 
the assumption that the characteristic time scale of the biofilm dynamics was 
significantly smaller than that of the solid phase. 
5. Oxygen limitation was assumed not to occur over the toluene concentrations of 
interest (Acuna et ai., 1999, Baltzis, 1997). 
6. Constant biomass density. 
7. Sorption in the solid phase was a reversible process and was modelled as an 
isothermal, single transition, single mass transfer (LDF) resistant process. 
Adsorption characteristics were obtained through isotherms generated from 
experiments. 
8. The material diffusing into the intrapartiele voids was not available to the organisms 
due to the difference in length scales of pores and voids compared to typical 
microbe dimensions. Hence the microbial degradation effect in the solid phase was 
negligible. 
9. The hysteresis effect in the wetting and drying curve was assumed to be negligible. 
Therefore the relation between matric potential and volumetric water content was 
unique. 
10. For the overall packed bed model (Fig. 3.1), a thin "bark layer" provided aIr 
distribution and ensured proper drainage of the leachate produced but did not 
participate in the degradation process. This assumption permitted the boundary 
condition for volumetric water content at the bottom of the active bed to be less than 
saturated. 
11. The liquid water density was independent of the concentration and its spatial 
variation was regarded as negligible. 
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12. The compost medium was assumed to be homogeneous and isotropic. 
13. In the temperature range considered, the heat capacities and thermal conductivities 
of air, water and water vapour were constant with the exception of those of 
compost. 
14. The biomass and toluene present in the liquid phase (water) did not affect the 
saturated vapour pressure of water given by the TRC database (TRC k-5969, 1987). 
15. Ideal gas behaviour assumed for the gas phase and gravitational effects were 
neglected. 
16. Complete degradation of toluene to CO2 and H20. No degradation of compost. 
17. The gas phase consisted of dry air and water vapour. The gas-phase contaminant 
had a negligible effect on heat transfer coefficients. 
18. Local thermal and moisture equilibrium in the gas, liquid and solid phase. 
19. Pseudo-homogeneous structure for the packed bed with regard to heat transfer. 
20. The gas phase was assumed to be continuous. 
21. The biofilter was well insulated (adiabatic) at the wall. In full-scale biofilters, the 
small surface to volume ratio present and the low thermal conductivity of the bed 
medium gives approximately adiabatic operation (Gostomski et al., 1997). Thus, the 
system modelled consisted of only axial heat conduction. 
22. The changes in water content over time were assumed to have negligible effect on 
the bulk heat capacity. 
23. In the normal temperature range ofbiofilter operation, as po and PI' were of similar 
magnitude, the gas pressure was assumed to remain at atmospheric throughout the 
column. 
24. The gas phase was saturated with water vapour and hence was in (instantaneous) 
equilibrium with the liquid phase. Thus, the evaporation was regarded as 
instantaneous and dynamics associated with mass transfer were neglected. 
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Outlet Air Water Addition 
Gas phase 
Biofilm 
D 
D 
b ;g :~ Solid phase layer with unifonn concentration 
Bark layer 
Inlet Air Leachate 
Figure 3.1 Conceptual diagram for the biofilter model, depicting the three phases present. 
The vertical and horizontal arrows indicate the direction of air/liquid flow and the coupling 
of the phases respectively . 
Mass Balance Equations for the System 
3.3 Gas Phase 
The Mass Balance Equation for Toluene in the Gas Phase 
a ( CSg ) a ( CSg ) ( 1 - £ 1 (. ) ( 1 - £ 1 
----'----"-'- = -u - - Ks q - q - ( -r) -at g az £ £ [Eq . 3.1] 
The change in gas phase concentration of toluene (C) was driven by the axial convection 
gas flow rate (Ug ), the transfer rate of contaminant to the solid phase Ks (q*- q) and the 
biological degradation rate (-r) of toluene. Owing to the plug flow assumption no axial 
dispersion term was included. The two-phase nature of the system resulted in the 
inclusion of the gas phase saturation (5~) as an integral part of the above equation . 
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The initial and boundary conditions were, 
t = 0, Z = 0, C = 0, [Eq.3.2] 
t 0, 0 < Z :s; L, C (z, 0) 0, [Eq.3.3] 
t> 0, Z 0, C= C [Eq. 3.4] 
For initialising purposes of the model Sg (0 <Sg <1) was set at a value to reflect the 
moisture content at the start of simulation. 
3.3.1 Degree of Saturation 
In the analysis of soil water phenomena, the concept of degree of saturation had been well 
defined. Literature (Bear, 1972) on unsaturated flow in porous media indicated that water 
content alone was sufficient to characterise the media, as air was deemed to be stationary. 
However, in the case of a biofilter with a two-phase flow of immiscible fluids (i.e. gas 
and liquid) the degree of saturation had to be included. Thus, the liquid phase saturation 
(Sw) could be defined as the fraction of the void volume occupied by the liquid phase and 
gas phase saturation (Sg), the fraction of the void volume occupied by the gas phase in a 
representative elementary volume. 
Sw= l-Sg [Eg.3.5] 
[Eq.3.6] 
In the preceding sections the derived equations contained the degree of saturation (S)II) as 
an integral part of the volumetric water content (0) instead of as a separate entity. 
3.3.2 Biodegradation Kinetics 
The traditional biodegradation rate modelling in biofilms have consisted of both an active 
growth term as well as a maintenance component (Eq. 3.7). 
X (-r) = l1y+mX [Eq.3.7] 
A double Monod type relationship (Eq. 3.8) was initially assumed for the specific growth 
rate of biomass, taking into account the nutrient limitation imposed on the organisms 
(Cherry and Thompson, 1997). 
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( S r N J P = Pmax l Ks+:f KN + N [Eq.3.8] 
The packing material compost consisted of organic material, which facilitated the release 
of nutrients during the degradation of the substrate. However, it was assumed that in the 
absence of a nutrient supply a fully developed biomass with no further net growth 
(p = 0) would occur. Nevertheless, substrate utilisation for maintenance kinetics would 
still take place, so (Eq. 3. 7) was simplified to - r = mX 
The maintenance term (mX) was a lumped term combining a specific microbial 
degradation rate (m) and the biomass concentration (A). The biodegradation rate 
(maintenance) was a function of contaminant concentration, water and temperature 
(Eq. 3.9). The concentration relationship was based on kinetic data for toluene 
degradation in a peat medium (Shareefdeen, et aT., 1994b) using a Monod-type model 
(Eq. 3.10). Furthermore, the half saturation constant (Km) and maximum degradation term 
(Vm) were obtained by converting the corresponding constants in the above reference to a 
gas phase concentration for consistency with the biofilm assumptions. The resulting 
lumped maintenance term was expressed as mass of toluene degraded per unit volume of 
packing material per unit time. This approach facilitated independent verification of the 
key parameters in the degradation term. 
(-I') = f(C)MfTf 
f(C)= VmC 
Km+ C 
[Eq.3.9] 
[Eq.3.10] 
[Eq.3.11] 
The temperature dependence on degradation (Fig. 3.2A) was modelled using data 
available in literature (Acuna, et aT., 1999). 
-35.7T 2 + 215.4T- 323.9 [Eq.3.12] 
for 298 K ~ T ~ 318 K 
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In model simulations for T> (3 13K) , 1'.( = 0 reflected the upper limit of the 
mesophilic operating range. Although experimental data existed in the literature for the 
water content effect on toluene degradation in peat, very little data were available for 
Organix i . 2 compost (Acuna, et al., 1999). Since the data of Acuna et al. (I999), when 
converted to volumetric water content, were outside the residual water content for 
Organix compost, the moisture content effect was modelled using hypothetical data that 
provided a relationship analogous to that in above reference (Eq. 3.13). 
Mf 
2.04(8 - 0.44) 
0.210 + (8 0.44) 
for 0.44 ::;8 ::;0.64 
[Eq.3.13J 
In model simulations (Eq. 3.13) for 8> 0.64, Mf = 1 which indicated approaching pore 
saturation (Fig. 3.2B). Furthermore, degradation was assumed to be zero below 8 0.44 
(residual water content, see "Section 3.5.3") even though a water activity sufficient for 
microbial metabolism could have prevailed. However, according to the experimental 
findings of Cox et al. (1996), the degradation depended on the water content irrespective 
of the water activity. Hence, near residual water content, the effect of water content 
surpassed that of water activity to essentially stop any degradation. 
10rganix compost was used for this study, as extensive data pertaining to the hydraulic properties 
(unsaturated conductivity, water release curves) for this compost type was available within the research 
group. 
2 Organix compost consisted of pig manure and sawdust starting material and was supplied by Parkhouse 
Garden SuppliesT l>1, Christchurch, NZ. 
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Figure 3.2 Temperature effect on degradation (A), Water content 
effect on degradation (B). 
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3.2 
3.3.3 Oxygen Effect on Biodegradation Kinetics 
Modelling work by Shareefdeen et at. (1994) on toluene and toluene/benzene removal 
demonstrated that the Monod kinetic constant for oxygen had little effect on model 
performance. In a subsequent article by Baltzis (1997), it was also pointed out that 
oxygen was present in excess in the biolayer, when treating hydrophobic compounds. 
Experimental work by Acuna et at. (1999) also indicated the negligible effect of oxygen 
concentration on toluene degradation. Hence, the oxygen dependence on the degradation 
kinetics for this system treating toluene was neglected. 
3.4 Solid Phase 
Traditionally, solid phase dynamics have been modelled using a differential equation 
(Eq. 3.14) describing diffusional mass transfer into a spherical porous pellet (Yang, 
1999). The mass balance for the bulk gas phase, the continuity expression at the pellet 
surface and Eq. 3.14 are simultaneously solved to obtain the solution. 
[Eq.3.14] 
However, due to the intense numerical computational effort involved in the solution of 
Eq. 3.14 a simplified expression was developed, which related the uptake rate in the solid 
phase to the gas phase concentration. This approach known as the LDF (Linear Driving 
Force) approach lumps the interfacial and diffusional mass transfer resistance in the solid 
phase into an overall mass transfer rate coefficient (KWF) , which provides a much 
simplified expression (Eq. 3.15). In the resulting expression the solid phase is treated as 
consisting of well-mixed layers (individual particles in the layer treated as well mixed 
CSTR). Literature on fixed bed adsorption indicated close agreement between the LDF 
and the traditional diffusion model under linear equilibrium isotherms (Yang, 1999; 
Ruthven, 1984). Therefore, due to the above fact and the numerical convenience afforded, 
the LDF concept was used to model the absorption mass transfer into the solid phase. 
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Mass Balance for the Solid Phase 
aq (*) 
-- K a-q at LDF 1 lEg. 3.15] 
q* := KeqmC , for a linear eguilibrium isotherm [Eg.3.16] 
Initial conditions, 
q(z,O):= 0 [Eg.3.17J 
Batch scale experiments usmg microbially inhibited compost gave linear sorption 
isotherms for toluene on compost at concentrations between O-lOOOppmv and temperature 
values of 25°C and 35°C. Furthermore, in the absence of data relating the water content 
effects on toluene sorption and also due to related work by Acuna et al. (1999), which 
indicated no significant influence of moisture on toluene sorption in a peat bed, the 
moisture aspect with respect to sorption was neglected. The temperature effect on the 
sorption capacity of the bed tended to be slightly more pronounced at the higher 
headspace concentration values, which was consistent with observations reported in 
literature (Apel et al., 1994) for gasoline adsorption onto an organic medium. The 
temperature effect on the bed sorption capacity was modelled using an Arrhenius type 
relationship. The final sorption isotherm derived was as follows, 
q. := koe( -Ml I RT)C [Eq.3.18] 
ko = 0.577 g of toluene 1m3 of compost! g/m3, Ml = -1O.5x 103 llmol 
The Mass Transfer Resistance in an Equivalent LDF Model, 
The LDF mass transfer coefficient (KWF) is related to the external mass transfer 
resistance, macro pore and micro pore diffusional resistance of a porous particle through 
equation 3.19. 
[Eq. 3.19] 
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Experimental and modelling work (Amanullah et al., 2000) was able to show that the 
mass transfer in porous GAC particles was controlled by diffusion in macropores and this 
was also extended to compost particles with success. Experimental work (Hon, 1999) 
performed on compost indicated that a significant proportion of intraparticle space 
consisted of macropores. Furthermore, the assumption of instantaneous equilibrium in the 
biofilm resulted in negligible mass transfer resistance in the biofilm. In addition, 
molecular diffusion was assumed to drive the transport of contaminant in the intraparticle 
pores (macropore diffusion). Thus Eq. 3.] 9 simplified to, 
R 2 
P 
----=----'---- [Eq.3.20] 
Owing to the random orientation of the pores and the variation in pore diameter, the pore 
diffusivity (Dp) tends to be smaller than that in a straight cylindrical pore. This is 
accounted for by the tortuosity factor ('c), which is used in the expression relating pore 
diffusivity to molecular diffusion, given by D p (Ruthven, 1984). 
[Eq.3.21] 
The effect of biomass concentration on the effective diffusivity of a compound within a 
biofilm has been experimentally explored (Fan ef al., 1990). However, in the current 
study it was explicitly assumed that the pores were filled with water and hence the 
diffusivity of toluene was taken as that in pure water. Since was a physical 
T 
(geometric) parameter of compost, a similar value to that used by Amanullah et al. (2000) 
was assumed. 
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3.5 Liquid Phase (Water) 
3.5.1 Unsaturated Flow in Porous iVIedia 
Although many similarities exist in the study of unsaturated flow of water in soil and 
biofilter packing material, one of the fundamental differences is the presence of the 
moving gas phase in biofiIters. Nielsen et at. (1986) developed a two-phase flow model, 
which considered the simultaneous flow of both liquid and gas. However, due to the 
nature of the system and assumptions made in their model, their equations were not used 
although the influence of the gas phase on system dynamics was adequately recognized. 
Work performed by soil physicists pertaining to the analysis of liquid flow in unsaturated 
media, has concentrated on the selection of an appropriate form of the unsaturated flow 
equation and the subsequent numerical solution of the relevant equation (Hillel, 1980; 
Marshall & Holmes, 1979). However, due to the nature of the typical soil system 
considered, a combined approach encompassing gas flow and microbial activity has been 
ignored. Several forms of defining media moisture content exist as stated in Stephens 
(1996). However, in this case the mass balance equation for liquid water used the 
volumetric water content (fJ) to represent the moisture in the porous media. 
Mass Balance Equation for Liquid Water 
[Eq.3.22J 
The change in water content in the system (fJ) was driven by the water addition rate (UI), 
the evaporation rate (E) and the water produced by toluene oxidation KTol(mX). The liquid 
velocity (UI) was expanded using Darcy's law for unsaturated media and was written as a 
function of the hydraulic gradient dhldz and the unsaturated hydraulic conductivity (K). 
The evaporative rate (E) term was expanded to reflect the effect of saturated vapour 
pressure variations with temperature on moisture content change giving an expanded 
version of the water balance in Eq. 3.23. 
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[Eq. 3.23] 
Equation 3.23 indicated that the liquid water velocity in the axial direction was equal to 
the volumetric water content plus evaporative moisture removal offset by water produced 
by metabolic oxidation of toluene. Furthermore Eq. 3.23 minus the evaporative and 
biological activity is commonly identified in soil physics as the mixed form of Richards' 
equation for a porous medium (Celia et aI., 1990). 
Initial condition, t = 0, 0 < z < L, f) 0.5 
Boundary conditions are, 
t ~ 0, z = 0, af) = 0 (Gravitational drainage assumed) 
az 
t ~ 0, z = L, qS.llface = K 20 [- ahl + 1] az 20 
[Eq.3.24] 
[Eq. 3.25] 
[Eq.3.26] 
This boundary condition represented the water flux imparted at the top of the column as 
g/m2s, where the subscript 20 referred to the position 100 cm from the bottom of the 
column. 
The vertical direction (z) was assumed positive upwards. The negative sIgn III the 
capillary component of the advective term indicated that tension (h) was substituted 
positive during the simulation process. In this case the modelling focused on situations 
where the volumetric water content was predominantly above the residual saturation 
(vadose zone) and thus flow was driven by a hydraulic gradient (convective transport). 
Soil scientists/modellers tend to use the Richards' equation to predict the infiltration of 
water in soil columns with either a constant flux or water content at the surface. In Celia 
et al. (1990) both the h-based and mixed form of Richards' equation were numerically 
evaluated using finite difference/finite element techniques coupled together with a Picard 
iteration scheme using the constitutive relationships of Van Genutchen et al. (1980) and 
those reported by Havercamp et aJ. (1977) for unsaturated hydraulic data. The results of 
this work was able to indicate the superiority of the mixed form over the h-based form, in 
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conserving the global mass over the domain concerned, where the latter form's inferiority 
stemmed from the time derivative term. This adequately displayed the mass conservation 
property of the mixed form under increasing time steps (more diffuse front), whereas the 
h-based form yielded a significant under-prediction of the infiltration depth under the 
same test. 
Havercamp et al. (1977) solved the h-based form of the Richards' equation with six 
different numerical models using explicit/implicit schemes with explicit/implicit 
linearisation of the non-linear terms. The numerical solutions were compared to 
experimental results and the respective schemes evaluated using execution time and mass 
balance in the above reference. Most schemes were said to provide good agreement with 
the measured data, although the stability of the explicit schemes tends to be compromised 
with the introduction of large time steps. Thus, due to these findings, it was decided to 
use a modified form ofthe mixed equation in the current work. 
3.5.2 Relative Conductivity 
In the two-phase immiscible fluid flow, the conductivity (permeability) of a porous 
medium with respect to a certain fluid will be reduced due to the presence of the other 
fluid. The relative permeability of the medium would depend on the nature of the porous 
medium and on the degree of saturation. 
krl 
kl 
KSQ/ 
[Eq.3.27] 
A rapid drop in krl of wetting phase conductivity and rise in kml of the non-wetting 
phase could be attributed to the emptying of larger pores during drying (Bear, 1972). 
Relative conductivity is also affected by the hysteresis phenomenon. van Genuchten et al. 
(1980) using the statistical model of Mualem et al. (1976) developed an expression to 
predict the unsaturated hydraulic conductivity of the wetting phase, by defining a suitable 
equation for the soil water retention curve. The relationship relating the pressure head 
(capillary pressure) to the effective water content (effective saturation) was, 
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1 8-[ ]'" 
- 1 + (O'h )" 
On further simplification the above expression becomes, 
h - ---1 1[ 1 ]1111 
a 8 11m 
fJ -fJ,. 
where 8=---
fJ" fJ r 
[Eq. 3.28] 
[Eq.3.29] 
The expression derived by van Genuchten et al. (1980) for the unsaturated hydraulic 
conductivity as a function of soil water pressure (h) is given in (Eq, 3.30). In order to 
obtain a closed form expression the algebraic condition m= I-lin had been used. 
k, 
Ks~-(aht-l[l+(aht jmy 
[1 + (ah t ]m12 [Eq.3.30] 
An important aspect of this expression was that it was far more accurate than those based 
on Burdine's model in terms of agreement with experimental data (van Genuchten et al. 
1980). Mualem et at. (1976) also concluded that, based on a numerical approximation for 
the soil water retention curve, "Burdine" based expressions were not accurate on an 
overall basis with regard to the average of the mean square deviation of the unsaturated 
hydraulic conductivity computed. 
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3.5.3 Water Retention Curves 
In the application of soil models to compost, work done by Hon (1999) indicated 
negligible hysteresis between the wetting and drying curve for several types of compost 
media (Biomix, Organix and Envy). This was subsequently attributed to the presence of a 
uniform pore size distribution and consolidation that occurred in compost. 
Thus, in the model development the hysteresis effect was neglected. The constitutive 
relationships of van Genuchten et al. (1980) were not used for model simulation 
purposes, as the compost data could not be adequately fitted to both expressions (i.e. K(h) 
and () (h». Instead, the constitutive relationships (Havercamp et al., 1977) given by 
(Eq. 3.31, 3.32) provided the relationship between volumetric water content and matric 
potential and unsaturated hydraulic conductivity and matric potential. Matric potential is 
defined in soil physics as the force acting on the soil water from the attractive forces of 
the solid matrix and the adjoining water molecules (Stephens, 1996). It is a 
thermodynamic property, which at equilibrium relates to the relative humidity of the 
vapour phase (papendick, 1980). Furthermore, matric potential consists of both capillary 
and adsorptive water and is negative as referenced to free water at zero potential (Hillel, 
1980). 
The parameters in Eq. 3.31 & 3.32 were obtained experimentally for Organix compost 
(Fig. 3.3 & 3.4). 
[Eq.3.31] 
K(h) = Ks A 
A+hY 
[Eq. 3.32] 
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Table 3.1 Parameter values 
Relationship 
B(h) = a~f!s - Br) + B 
a + hfJ r 
A K(h)=Ks 
A+hY 
Organix Compost 
a = 631 
P = 2.34 
Bs = 0.64 
f),. 0.43 
Ks = 1.28xlO-1cm/s 
A = 50.5 
y=4.7 
10 
1/ Experimental 
.......... Predicted 
Tension (cm of water) 100 
Figure3.3 Unsaturated hydraulic conductivity of compost (Adapted from Hon, 1999). 
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Figure 3.4 Soil water retention curve (Adapted from Hon, 1999). 
3.5.4 Evaporative Mass Transfer 
Based on the assumption that the gas, liquid and solid phase were in equilibrium in 
regards to water content, evaporative mass transfer was driven by the change in saturated 
vapour pressure with temperature. The relevant saturated vapour pressure (Ps) data were 
obtained from the TRC database (TRC k-5969, 1987) and were converted to mass per 
unit volume by, 
[Eq.3.33] 
The data obtained from Eq. 3.33 were represented by a polynomial for the operating 
temperature range of (20°C - 40°C) to obtain a relationship between M and T (Eq. 3.34). 
Owing to the small spatial step size and the resulting low temperature variations in the 
cells, the change in specific volume of air was ignored. 
Al 0.0382T2 -21.4961'+4883.4 [Eq.3.34] 
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Thus, the expression for evaporative mass transfer can be written in relation to gas phase 
properties with changes being driven by temperature changes. The effect of velocity on 
moisture removal was reflected by the inclusion of the interstitial velocity term, while the 
vapour pressure gradient represented the temperature effect on evaporation. 
E=ES U dAi 
g g az [Eq.3.35] 
As the saturated vapour concentration was a function of temperature, the dynamics in the 
vapour phase closely matched the temperature dynamics (Eq. 3.36). 
aM (aMyaT] at~= aT A at [Eq.3.36] 
Complete degradation of toluene was assumed as stated earlier, which was governed by 
the following stoichiometric equation. 
C7H S +902 -7 7C02 +4H20 
Hence from the above K To1 = 0.783 g ofwater/g of toluene degraded 
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3.6 Energy Balance 
3.6.1 Theory and Governing Equations 
The energy balance for biofiltration was conceptually similar to solid-state fermentation. 
However, often in solid-state fermentation literature, large temperature variations tend to 
dominate the biological activity as compared to moisture content changes in the solid 
phase (Ghildyal et al., 1994; Mifchell &. von Meien, 2000). Thus, modifications were 
required to account for the bed moisture, which was of paramount importance in 
biofilters. The biofilter energy balance incorporated a transient heat component, 
liquid/gas convection in the axial direction, conduction in the axial direction, heat 
released due to metabolism and latent heat which was the major mechanism for heat 
removal in a packed bed under forced aeration. 
The energy balance used a pseudohomogeneous bed assumption compared to a 
heterogeneous one. Under this concept, global parameters (mass weighted average 
properties) of the constituents were used and the bed was assumed to behave as a single 
medium (Sangsurasak et a!., 1998). These equations were also defined as one-equation 
models as they made no distinction in the temperature of the solid, liquid and gas phase. 
The principal criteria required for a pseudo homogeneous assumption were those of 
thermal and moisture equilibrium. Since saturated air is used for aeration purposes in 
biofilters and also due to the assumption that the moisture adsorption into the solid phase 
was deemed negligible, the system could be considered to be in moisture equilibrium 
(Sangsurasak et al., 1998). However, the vapour pressure of the saturated air would vary 
with temperature (Coulson & Richardson, 1996) and hence equilibrium was maintained 
by evaporation/condensation. 
Owing to the assumption of moisture equilibrium between the gas/liquid phases, these 
phases could be assumed to be in equilibrium with respect to temperature. Using thermal 
sterilisation theory (Bailey & Ollis, 1986), the time taken for a spherical compost particle 
to reach the external temperature was found to be one to two orders of magnitude smaller 
than the typical residence time of a biofilter (Appendix A). Hence, the solid phase 
reached the relevant external temperature instantaneously and the three phases were 
assumed to be in thermal equilibrium. 
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The energy balance equation for the system was, 
[Eq. 3.37J 
• The transient temperature term used the bulk heat capacity for the bed (PbCpb), which 
was determined as the mass weighted average for all the components. 
• The terms pgCpg and PICpl accounted for heat transfer by convection 111 the axial 
direction by the gas and liquid phases respectively. 
• The term he aM indicated the evaporative heat removal by the saturated air and was aT 
lumped with the heat capacity of air to reflect the increase of the apparent heat 
capacity of air with temperature (Sangsurasak et al., 1998). 
a2T 
• The term Kef! --2 represented the axial heat conduction term. 
, az 
• The term hcmX(1-e) represented the exothermic bioreaction. The energy generated 
from the oxidation of toluene was released as heat 
• Heat transfer by convection in the radial direction was neglected due to the adiabatic 
assumption at the walls. 
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Boundary Conditions, 
z = 0, t> 0, T = To ( Relative Humidity (RH) 100%) 
aT 
z=L ---=0 
, dz 
[Eq.3.38] 
[Eq.3.39] 
(No enclosure losses and hence there does not exist external cooling of exhaust air at the 
top of the bed. The air stream leaves at the same temperature as that of the bed at the 
point considered with no release of moisture back onto the bed.) 
Initial Condition, 
t = 0, 0 5, z 5, L ,T 1'; 
The weighted average heat capacity (bulk heat capacity) for the bed, 
p"Cpb = PsCps(l-c) + P,Cp1eSl + (PvCpv + PaCpJSgC 
[Eq.3.40] 
[Eq.3.41] 
This expression was simplified further by assuming the gas phase to be at atmospheric 
pressure, 
The weighted average heat capacity for the gas phase, 
c'sgpgCpg = &'lg(PvCpv + PaCpc,) 
[Eq.3.42J 
[Eq.3.43] 
Assuming the gas phase to be at atmospheric pressure and neglecting the presence of 
vapour phase Eg. 3.43 was simplified to, 
eSgpgCpg = eSgp"Cpa 
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The weighted average (effective) thermal conductivity for the bed, 
KejJ = KsO E) + K,S,E + KgESg [Eq.3.44J 
The effective thermal conductivity (KejJ) as discussed in section 3.6.3 was assumed to be 
constant. 
3.6.2 Specific Heat Capacity 
The specific heat capacities with the exception of Cps had negligible variations within the 
temperature range considered. The value of Cps in the literature tends to vary significantly 
with the moisture content (~11 % )(Haug, 1993). Hence the correlation was adapted to 
Organix compost by a modification using the compost physical properties obtained by Hon, 
1999. The resulting polynomial fit was, 
Cps =-15.80 2 +12.50 +0.2 [Eq.3.45] 
3.6.3 Thermal Conductivity 
The thermal conductivity (KejJ) for Organix compost varied only by 5% over the system's 
operating moisture range and hence was assumed to be constant. The term (Keff) was 
calculated using a correlation for the moisture content effect on compost thermal 
conductivity (Haug, 1993). The values forC ps & Ks were take from above reference as the 
material was very similar to the compost used in the experiments. The parameter values used 
in the energy balance of the model are listed in Table 3.2. It was assumed that the density of 
air and water would remain constant over the entire bed length. 
I.e. PI 1000 kg m-3, Pa = 1.2 kg m-3, Ps = 620 kg m-3 
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Table 3.2 Parameter values used in the energy balance3 
Parameter 
Cpl 
Cpa 
Cpv 
he 
he 
Kejf 
Kl 
Kv 
Ka 
3 
3.7 Numerical Methodology 
3.7.1 Numerical Technique 
Numerical Value 
4.18 
1.05 
1.88 
42.44 
2.3 
0.58 
0.616 
61xlO-2 
2.62x10-2 
Units 
JIg K 
J/gK 
J/gK 
ld/g 
kJ/g 
W/mK 
W/mK 
W/mK 
W/mK 
In the model, the governing dimensioned partial differential equations (PDEs) were 
spatially discretised using the numerical technique known as Method of Lines (Hyman, 
1977) (semi discretisation). The 80 state variables were solved from simultaneous 
ordinary differential equations (ODEs) obtained from a 20-point discretisation of 
equations 3.1, 3.15,3.23 and 3.37 along the bed length. The spatial derivatives of the 
resulting ordinary differential equations (ODEs) were approximated by the 2nd order 
correct explicit central difference scheme in order to minimise the local truncation error 
associated with derivative approximation. Boundary condition involving derivatives were 
also handled by a 2nd order correct approximation (Ozisik, 1994). 
These equations were written in the dimensional format in order to make meaningful 
comparison of simulated results with observed data. The step length in the spatial 
direction was halved to obtain 40 points to ascertain any possible truncation errors. 
Subsequent simulation indicated no significant change in results, which indicated that a 
grid independent solution was obtained with a 20-point spatial discretisation. 
3 The parameter values in tile table, Witil the exception or Keif> were obtained from Perry (1973). The 
parameter K~tfwas calculated using compost data obtained from Hang (1993), 
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The flux term (advective term) in the continuity equation required an explicit finite 
difference (Staple et aI., 1966; Havercamp et aI., 1977). This scheme involved the 
application of a 2nd order correct central difference approximation to both the capillary 
and the gravitational component of the expanded advective term. Furthermore, in the 
original scheme the interblock conductivity was evaluated using the arithmetic mean of 
adjoining cells and this was mapped over for the evaluation of conductivity in the present 
work. In Zaidel and Russo (1992) the arithmetic mean for interblock conductivity 
computations was said to cause smearing of the wetting (attenuating the steepness) front. 
Several alternatives, including the use of geometric mean, were proposed for interblock 
conductivity, and the schemes evaluated using the constitutive relationships of van 
Genutchen et al. (1980) and Havercamp et al. (J 977). However, these simulations for 
infiltration with alternative schemes indicated that no universal weighting scheme 
(interblock calculations) exists to predict accurately the wetting front and that the 
numerical error associated with these could be minimised using a finer spatial grid. Thus, 
these findings coupled together with the accurate description of the wetting front of 
Havercamp et aI, (1977) using an explicit finite difference scheme coupled with 
arithmetic mean for interblock computations, prompted a similar scheme to be used for 
the interblock conductivity in the current work. The stability of the scheme as stipulated 
by Staple (1966) required the adjustment of the time step size at each integration step in 
the time domain according to the stability criteria laid out. However, the use of a multi 
order, multi step numerical integration algorithm (ODE15S), which continuously varied 
the time step size according to the rate of change of the state variables, alleviated the need 
to change the step size manually, while providing the desired numerical accuracy. This 
was confirmed by the close agreement that existed between the simulation of the mixed 
form of Richards' equation (explicit scheme) and the experimentally obtained water 
content profiles for infiltration into a sand column by Havercamp et al. (1977), 
The spatially discretised PDEs were simulated using the Simulink® toolbox in Matlab® 
by representing the ordinary differential equations (ODEs) in block diagram notation 
(Appendix C). The principal advantage of using Simulink® was that the system dynamics 
were graphically animated while the simulation was in progress. This facilitated a better 
understanding of the system behaviour, while providing the ability to manipulate critical 
variables simultaneously in order to ascertain the impact of such modifications. Time 
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domain discretisation was generated with a variable-step ODE solver. The advantage of 
using a valiable-step solver was that it continuously varied the integration step size in the 
time domain, according to the dynamics of the state vatiable in order to satisfy error 
control criteria, and hence minimised possible time tnl11cation errors. Due to the stiff 
nature 0 f the system, a multi step, variable order (order 2 selected to maintain stability) 
numerical integration algorithm (ODE15S) was preferred, which decoupled the 
integration step size from the time interval for output points, while providing the required 
numerical accuracy. These solvers, based all numerical differential formulas, possessed 
extra logic to capture the rapid transients present in stiff systems and were also described 
as being more efficient than those based on Gear's method (Dabney, 1998). Simulations 
were performed with an Intel@ Pentium III, 733 MHz workstation and the CPU time 
required was generally between 1 and 1.5 hours, which depended on the final integration 
time, solver selected and error control criteria used. 
The discretised forms of the equations were as follows, 
Mass Balance for Toluene in the Gas Phase, 
(dC) = -Ug (~;,i+L=~~i~~~l_ (1-&) KWF (q;,i -q;J-l( _~'2JCj'i .~.J(~~~ I x (TIL:~x (Mf );,i dt i,I 2& & Sg Kill +Cj,i &) Sg 
[Eq.3.46] 
Where, 
[Eq.3.47] 
Mass Balance for Toluene in the Solid Phase, 
[Eq.3.48] 
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Energy Balance for the System, 
( ) l( dT) [( .(1 ( f ( )i' () ) (Tj,i+l - Tj,i-I )] PbCpb j,1 dt j,i + CUgUg PaCpa +Ie O.07Tj ,i -21.5 j+ PICpl UI j,i - 2& 
(T .. I - 2T. . + T.. 1) (V C.. J () ( ) K ),1+ J,l ),1-_ + l1'l tII),I (I-c) x T x ]v! 
e)) (&)2 C K + C.. f j,i f j,i 
In ),1 
Continuity Equation for Liquid Phase (water), 
h .. )-K l(h./-h" l },l , . ), )tf-),1--
[
K K J .. 1 .. 1 ll+- J 1--+ ., 2 ' 2 + 
& 
2l.5 ),1+ j,I-, {
T .. 1 T .. J'1 
2& ! ) 
where: 
K .. 1/2 =(K .. +K .. 1)/2, ),1+ J,t j,t+ 
K .. 1/2 = (K .. + K .. 1) / 2 },I- .I,J },I-
[Eq, 3.49] 
[Eq.3.50] 
The constant flux boundary eondition at the upper surface resulted in an algebraic loop at 
that point, since the tension (h20) evaluated as the output was simultaneously used as an 
input to the block considered. This problem was addressed using the algebraic constraint 
block available in Simulink®, where the entire boundary condition was fed as an input 
signal to the block, which produced an output signal corresponding to the variable 
concemed (i.e. h20 ) by constraining the input signal to zero. This essentially involved an 
iterative numerical technique, where convergence and efficiency of the iteration was 
dependent on the initial estimate of the variable that was provided to the block. 
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3.7.2 Inventory Check for Liquid Water and Gas phase Toluene 
The numerical accuracy of the simulations was verified by performing a mass balance 
(inventory check) on the water and toluene on day 4 using the model parameters listed in 
chapter 5. The mass balance for water calculated the final mass of water on day 4 in the 
compost bed using the initial mass of water, mass of water added, water drained off, 
water produced by metabolic activity and mass of water evaporated, This value was 
compared with the mass of water provided by the water content profile on day 4. The 
toluene mass balance was also performed in a similar fashion. The water balance error 
was 0,05% for the upflow mode and 0,01% for the downflow mode while the toluene 
discrepancy was 0.45%. These values were weJl within the accepted limits for simulations 
(Staple, 1966), 
The data for the above mentioned calculations consisted of both rate terms as well as 
terms expressed on a bulk volume basis. Thus, the data required for the inventory check 
were obtained through integration of the relevant rate terms with respect to time and 
subsequently in the spatial direction using the Simpson's rule within the Simulink® 
toolbox in Matlab ® software, The latter calculation permitted the evaluation of total 
quantities of the respective variables along the bed depth. The aforementioned mass 
balance was performed for a base case (Case 2) and it was assumed that the inventory 
check for both water and toluene would hold for any point in time under the various 
boundary conditions simulated. 
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Chapter 4: Apparatus and Experimental Procedures 
4.1 Introduction 
The majority of the experimental work performed to ascertain the moisture content effect 
on degradation has lacked a robust moisture control strategy to regulate the moisture in 
the material during the progression of the experiment Thus, moisture content changes in 
the medium during the degradation process could have influenced the final results. 
Sensitivity analysis (discussed in chapter 5) indicated that the model was highly sensitive 
to the shape of the characteristic equation, which correlated the water content effect to 
microbial activity. Furthermore, during the sensitivity analysis the model performance 
was also found to be very sensitive to the kinetic parameters in the degradation term. 
Hence, to investigate the relationship between water content and performance, a batch 
scale biofilter system coupled together with an accurate moisture control strategy was 
developed to control water content rigorously during the course of the experiment. 
4.2 Biofilter Configuration 
The batch recycle bioreactor system (Fig. 4.1 & 4.2) consisted of a stainless steel (SS) 
reservoir (5 L) and a SS reactor (ID 79.6 mm, volume 0.215 L) coupled together with 
a diaphragm pump (107CD18 - 198A, Thomas, Pumps, WI, USA) using a Teflon 
diaphragm liner. The reactor (Fig. 4.3) consisted of two chambers separated by a ceramic 
plate permeable to water but not to air. The toluene-laden air recirculated through the top 
chamber and water was maintained in the bottom chamber at a reduced matric potential. 
A water reservoir connected to the bottom chamber of the reactor acted as a source and 
sink for changes in water content of the compost A 5 mm thick, semipermeable ceramic 
plate (porous ceramic-0600 series, bubble point pressure 0.5 bar, Soil Moisture 
Equipment Corp. Goleta, CA, USA) supported the compost in the top chamber of the 
reactor and provided hydraulic contact between the water in the compost and the water in 
the lower chamber. Internal sealing was achieved by the use of Viton seals at three 
different positions in the reactor. Two seals on the top and bottom of the ceramic plate 
prevented air and water from bypassing the ceramic plate. A metal insert applied the 
appropriate pressure on these two seals. A third seal on the reactor lid limited gas 
exchange with the environment. 
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Moisture content in the compost was regulated based on the principle of a suction cell 
(Klute, 1986). This was achieved by changing the elevation of the water reservoir with 
respect to the ceramic plate. When the reservoir was placed below the level of the ceramic 
plate in the reactor, water did not drain from the lower chamber into the reservoir since 
the ceramic plate was not permeable to air and therefore the absolute pressure in the water 
in the chamber was below atmospheric pressure. The principle is the same as water being 
unable to drain from a vertical tube when the upper end is closed. The lower the reservoir 
was below the ceramic plate, the greater the vacuum applied to the water in the lower 
chamber. 
Air 
Sampling 
Port 
R servoir 
Injection 
Port 
Reactor 
Water 
Reservoir 
Figure 4.1 Schematic diagram of the batch biofilter system used for rigorou.s moisture 
control. PI is a water manometer used for both pressure indication and as a 
pressure relief valve. 
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Since the water associated with the compost was in equi'librium with the water in the 
chamber by way of the ceramic plate, increased vacuum caused a lower matric potential 
in the compost and thus lowered the water content. In addition, the water chamber 
compensated for changes in water content in the compost. Excess water deposited in the 
compost drained away and drying caused water to flow from the water chamber into the 
compost. This mechanism thus ensured that medium moisture content was maintained at 
the value corresponding to the matric potential applied as governed by the water release 
curve for Organix compost (see "Section 4.4.3"). The headspace of the water reservoir 
was connected to the reactor headspace to aUeviate mi nor pressure changes in the recycle 
system. Slight changes in the reactor pressure effectively changed the matric potential 
applied to the compost if not coupled to the water reservoir headspace. 
Figure 4.2 Digital image of the experimental set-up 
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Figure 4.3 Detailed diagram of the reactor shown in Fig. 4.1, which controlled 
moisture content in the compost using the suction cell principle 
The reactor, vessel and the pump were connected together using 114" SS tubing and 
appropriate pipe and compression fittings. The injection and sampling ports were isolated 
with a ball valve (Swagelok, B-41S2) to minimise septum degradation by toluene. Both 
ports also contained 118" SS septum injector nuts (Valco Instrument Co. Inc.). The 
apparatus was isolated from the lab atmosphere using an insulated box. Low-pressure 
water at a flow rate of 15 mils flowed through a copper coil located at the back of box to 
provide the required cooling. Temperature within the box was regulated with a 
temperature controller (Shinohara Electrical Inst. Works Ltd) coupled together with two 
100 W bulbs to 30 ± 0.5 DC. The cooling load on the system made it less susceptible to 
external temperature changes coupled with the heat from the fans. The internal 
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temperature was monitored using a thermocouple. Two rotary fans were used ensure a 
uniform distribution of temperature within the closed box. A water manometer located 
adjacent to the reservoir on the pipeline served both as a pressure relief mechanism and as 
a leak detector. An additional manometer was attached to the reactor inlet to monitor 
reactor headspace pressure. 
4.3 Batch Recycle Operation 
A batch recycle operation with a high recycle flow rate (high mixing) and a small reactor 
volume with respect to the total volume of system, ensured a minimal conversion per pass 
in the reactor (Smith, 1981). The resulting uniform temperature and composition provided 
a differential type operation and facilitated the calculation of a point reaction rate valid 
within the reactor (Carberry, 1964, Govind et al., 1997). A similar differential biofilter 
was used by Deshusses (1994) to determine the kinetic parameters for MEK and MIBK 
degradation while a differential bioreactor was also used to ascertain the biodegradation 
kinetic parameters for methanol and a-pinene by Mohseni and Allen (2000). The 
advantage of selecting a gradientless reactor was the ease in interpreting experimental 
data in the absence of temperature and composition changes (Borman et aI., 1994). The 
turbulence created by the high flow rate (22.6 litres/min) facilitated a negligible external 
and inter-particle mass transfer resistance. 
Govind et al., (1997) used a differential micro-biofilter to obtain the biokinetics for five 
substrates. A micro-bioreactor was selected over a suspended cell experiment due its 
compatibility with full-scale reactors in terms of the immobilised nature of the biomass. 
In this case an experimental set-up incorporating a reservoir, peristaltic pump and a 
jacketed micro-biofilter with provisions for nutrient supply and piping was used. Packing 
material (Celite) from a large-scale biofilter unit, under steady state operation was used as 
the bed medium. 
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4.4 Control Tests 
4.4.1 Leak Testing 
The initial system consisted of ]/4" copper tubing connected together with brass 
compression fittings. However, due to the ductile nature of copper coupled together with 
frequent assembling/dissembling, the tubing was subjected to wear and tear. This 
potentially caused leaks along the lines, which required the tubing to be replaced quite 
often. Hence, for subsequent operation SS tubing was substituted. At the initial stages the 
reservoir in the system consisted of a glass vessel of 10 L volume, which contained an 
additional inlet that was sealed using a Teflon liner. Control studies involving 
pressurising indicated the vessel to be a source of leak, which resulted in its replacement 
with a SS cylindrical reservoir. Furthermore due to the low pressure nature of the 
application the original piston pump (607CD22, Thomas Pumps, WI, USA) was subject 
to leak and hence was replaced. 
Extensive leak testing was thus performed to detect the presence of leaks on the 
differential biofilter system. An approach where the different components were separated 
and leaks isolated was pursued. Thus, the system was separated into three parts 
comprising of the tubing, reservoir and pump and each individual unit subjected to 
pressurising and subsequent application of Snoop (Nupro Company, Ohio, USA). Once 
preliminary testing was completed each of the above units were also pressurised and 
submerged in a water tank to detect any possible leaks. In each instance the in-house 
compressed air supply was used for pressurising purposes. Creating a leak-free system 
was more difficult than expected for this low-pressure application. 
4.4.2 Abiotic Losses 
A toluene control test was carried out without compost, to identify any non-biological 
loss that could occur in the system. The system was initially charged to a concentration of 
1000 ppmyand 0.5 m! samples were taken using a 1 ml gas syringe (SGE, Australia). 
Sampling was performed at intervals of 3-4 hours for a period of 70 hours and analysed 
using gas chromatography, which indicated no loss of toluene. Independent sorption 
experiments using microbially inhibited compost indicated that the mass of toluene 
sorbed to the compost represented only 1% of the initial mass loaded for each run. 
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4.4.3 Moisture Content Controls 
An independently generated soil water retention curve for compost (wetting curve only) 
related the matric potential to the physical water content. During degradation 
experiments, dry weight analysis of the reactor compost was performed using a moisture 
analyser (Sartorius, MA-30). Comparison ofthe results from the destructive test and those 
from the water retention curve for a specific matric potential indicated that the difference 
was within the measurement error for dry weight analysis (± 2-5 %). This confirmed that 
the moisture content corresponding to the matric potential applied was maintained during 
the course of the experiment. 
4.4.4 Oxygen Limitation 
The oxygen content within the system declined with each run (Appendix B). However 
the final concentration profile for toluene was always obtained within 4-5 runs when the 
O2 concentration had not significantly changed. However, if the system were to be 
operated at a higher initial concentration for extended runs, the supplemental oxygen 
addition would have to be considered. 
4.5 Operational Procedure 
The experiments used "Organix" compost (Parkhouse Garden Supplies'IM, Christchurch, 
NZ), based on pig manure and sawdust starting material. The compost was sieved to 
eliminate particles greater than 3 mm. Addition of nutrients or inoculation with microbial 
cultures was not performed. The compost depth was limited to a 2 mm layer of compost 
(z 3 g) to ensure uniform water content and to minimise toluene concentration profiles 
within the compost layer. Distilled/de-aerated water minimised the formation of air 
bubbles at the water/ceramic interface in the lower chamber. 
Initially, the water reservoir was lowered 60 cm below the ceramic plate and a syringe 
was connected to the drainpipe and used to pull water into the lower chamber of the 
reactor from the reservoir. The sieved compost (moisture content 1.44 g H20/g dry 
compost) was added onto the surface of the ceramic plate and lightly compacted to give 
good contact with the plate and between the particles to facilitate water movement. 
Thereafter, the water reservoir was raised to obtain the required matric potential and the 
system was allowed to equilibrate for 2-5 days. Equilibrium moisture contents 
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corresponding to the matric potential applied (-6, -16, -26, -36 cm H20) were obtained by 
adjusting the water reservoir to the appropriate height in relation to the compost layer in 
the reactor. A 30 DC controlled temperature environment was used, due to the temperature 
dependence of the water retention curve and microbial activity (Devinny et al., 1999; Liu 
et al., 1993; Hopman et a/., 1986). Liquid toluene was injected into the system using a 
100 /1.1 syringe (SGE, Australia) to give a gas phase concentration of 1000 or 250 ppmv. 
Degradation profiles for toluene were thereafter obtained for a range of tension values by 
sampling the headspace at various time intervals. Initially for the -16 cm H20 matric 
potential, the starting gas phase concentration was 1000 ppmv. However, potential 
inhibitory effects on the microorganisms and possible oxygen limitation under a high 
loading prompted the use of 250 ppmv concentrations in subsequent runs. The 
microorganisms in fresh compost took 4-5 days to acclimate to toluene. During the 
experimental runs, water was flushed through the lower chamber of the reactor every 2-3 
days to purge any air bubbles formed between the ceramic-water interface. This 
procedure was performed as the dissolved air in water tended to cause poor hydraulic 
contact between the ceramic plate and the bulk water in the lower chamber by the 
formation of an air layer beneath the ceramic plate. 
4.6 Gas Chromatography Analysis 
Toluene concentrations in the gas phase were measured using a Varian Star 4800 gas 
chromatograph/workstation (Varian-Chromatograph Sys, Walnut Creek, CA, USA), 
which contained a capillary column (Alltech, head pressure 20 psi, 60 m), injector (1078 
universal capillary injector, split/splitless) and a flame ionisation detector. The gas 
chromatograph (GC) was operated under a column temperature of 150 DC, injection 
temperature of 280 DC, detector temperature of 280 DC and in the split-less mode. For 
optimum performance of the detector, dry air pressure was maintained at 80 psi, helium 
pressure at 70 psi and hydrogen pressure at 50 psi. A calibration curve (FigAA) was 
prepared, which consisted of concentrations of 1000, 750, 500, 250, 100, 50 and 10 ppmv 
respectively. In this case, 0.5 ml gas samples from Teflon bags (Alltech, IL, USA) 
containing equilibrium concentrations were injected into the chromatograph using a 1 ml 
syringe (SGE, Australia). 
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This exercise was repeated until a consistent result was obtained with regard to the area 
counts from each bag. In order to maintain the accuracy with regard to actual 
concentrations achieved within the bags, the liquid syringe was weighed before and after 
the injection and concentration achieved within the bags computed using the ideal gas 
law. 
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Figure 4.4 Calibration curve for toluene. 
4.7 Adsorption Experiment 
y = 0.0009x 
R2 = 0.9965 
800000 1000000 
The adsorption isotherm of toluene on compost was obtained using batch scale studies. 
For these studies, the microbial consortium present in the compost was deactivated using 
mercuric chloride (HgCh) as opposed to using steam sterilisation. Literature (Wolf et al., 
1989) revealed that a major drawback in using autoclaving was the alteration of soil 
physical and chemical properties. These variations encompass the changes associated 
with the surface area and cation exchange capacity/pH respectively. Thus, as the 
aforementioned changes could give rise to erroneous results in terms of adsorption 
capacity of the bed media, it was decided to use 500 Ilg of HgCh/g of compost to 
effectively eliminate the microbial population in compost (Apel et al., 1993). The 
moisture content of the compost was ascertained using a moisture analyser (Sartorius MA 
30) where the drying temperature was set to 105 DC. Prior to the experiments the bottles 
and the caps were autoc1aved at 120 DC for 15 minutes in an autoclave (Type AC-48, New 
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Brunswick Scientific, Edison NJ, USA). The samples with HgCb were left for a period of 
24 hours prior to the addition of toluene, to ensure that all microbial activity was 
effectively eliminated. A destructive test approach was taken to ascertain the isotherm for 
a particular concentration. A batch of 24 ml serum bottles closed with silicon septa faced 
with Teflon and plastic screw-on caps were filled with 1 g of the deactivated compost. 
The required liquid toluene was injected using a 1 ~l syringe (SGE, Australia). The 
bottles were kept in a constant temperature water bath. Single headspace samples were 
taken at different time intervals (l, 3, 5 hours) from each of the bottles to ascertain 
whether equilibrium has been reached. Only one sample was taken from each bottle and 
the bottle then removed from the bath. Samples were subjected to GC analysis to 
determine the toluene concentration in the headspace. This procedure was repeated for 
contaminant concentrations reaching lOOOppmv. In order to satisfy the safety guidelines 
associated with using a toxic compound, the water bath containing samples was kept 
inside a fume cupboard (Smoothflow, Calibre Plastics Ltd, Auckland NZ) for the entire 
duration of the experiment. Furthermore, to ensure a uniform temperature distribution 
profile inside the bath the liquid water was stirred using a variable speed stirrer 
(Gallenkamp, 10 speed). 
64 
Chapter 5: Open Loop Model Performance 
The model developed in this study was applied to explore moisture control, in a generic 
biofilter set-up subject to different operating conditions. The system was simulated with 
gas flow upwards and hence the 0 cm level corresponded to the bottom and 100 cm to the 
top of the column respectively. Open loop irrigation strategies (constant water addition 
rates) were implemented and performance under each scheme was evaluated in terms of 
removal efficiency and leachate produced. A sensitivity analysis was also performed to 
determine parametric sensitivity under steady state behaviour. 
5.1 Case 1: Performance Under High Loading (Low Water Flux) 
This simulation incorporated a high toluene loading (60 glm3h) with a constant water flux 
of 0.0546 g/m2s. This flux value was chosen to maintain the bed moisture content near 
start up values and also ensure dynamic equilibrium of the system around day 10 when 
the system was operated at a lower loading (Case 2). This also ensured that Case 1 and 
Case 2 were performed under similar flux values. 
Table 5.1 Parameter values for Case 1. 
Parameter Value Units 
Length 1 m 
Diameter 0.05 m 
EBRT 1.45 mm 
Interstitial Gas Velocity 4.7 rnImin 
Inlet Toluene Concentration 1.5 (400 ppmv) glm3 
Toluene Loading 60 glm3h 
Inlet Temperature 298 K 
Bed Porosity (E) 0.645 -
Gas Phase Porosity (eSg ) 0.145 -
Initial Moisture Content 0.5 m3/m3 
Initial Gas Phase Concentration 0 glm3 
Initial Solid Phase Concentration 0 glm3 
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The relatively high mass loading (60 g/m3h) caused a drying front to originate at the 
column inlet (left side of Fig. 5.1). The exothermic bioreaction increased the local 
temperature, which increased the absolute humidity of the surrounding air. The humidity 
increase stripped water from the solid phase. Water was added from the top continuously 
and the moisture content rose slightly at the top of the bed (right side of Fig. 5.1). 
However, the water flow was insufficient to redistribute through the bed rapidly, and the 
bottom half of the bed experienced continued moisture loss until the system reached an 
equilibrium after 25 days . 
......... 0,52.,.--------------------..., <') 
E 
-<')E 
~ 0.5 t=:=!:=:=:=:===:=:~:=::~~~~+--*1 
.$ 
c: 
8 2 0.48 
~ ~~.-.-.-~~ 
(.) 
'i:: 10 0.46 
E 
:l 
a 
--*-Day 0 
--Day 1 
-t-Day 2 
....... Day6 
~Day 10 
"""-Day 25 
> 0.44 +--.,..--.,..--....--_-r-----,r-----,r-----,~___r-__I 
o 10 20 30 40 50 60 70 80 90 100 
Distance(cm) 
Figure 5.1 Variation of water content along bed depth for Case 1 
The effect of the dynamics of water content changes on gas phase toluene concentration 
was quite evident in Fig. 5.2. Initially the removal efficiency was 32% but as the compost 
medium started to lose water from the gas inlet region of the column, the local biological 
activity was retarded and as the simulation progressed, the inlet region's microbial 
activity tended to decrease. An increase in the gas phase toluene concentration in that 
region and an overall decrease in the removal efficiency occurred as a result and at day 2S 
the efficiency was 26%. 
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:Figure 5.2 Concentration profile of toluene along the bed length for Case 1. 
The temperature gradient across the bed decreased with time (data not shown). The upper 
regions of the bed initially experienced an increase in temperature, which was 
predominantly due to heat generation in the lower regions of the column. However, the 
loss of moisture and subsequent retardation of microbial activity in the inlet region of the 
bed limited the exothermic heat release and caused the temperature profiles across the bed 
to decline. 
There was a close relationship between the water content and microbial degradation in the 
column. At the initial stages of the simulation run (day 1), the microbial activity was 
uniformly distributed along biofilter bed. However, as a consequence of the moisture loss, 
the activity in the inlet region decreased and by day 6 the cumulative loss of moisture in 
the inlet region forced the bulk of the activity to occur in the upper regions of the column, 
which yet contained substantial moisture (Fig. 5.3). The outlet region eventually achieved 
a higher specific degradation rate due to the higher contaminant concentration present 
from the lower activity of the inlet region. The simulation reached dynamic equilibrium 
around day 25 and the bulk of the degradation occurred in the upper region of the column. 
67 
0.05 -.-----------------------. 
-Day1 
-+-Day 2 
-k-Day 6 
'"'*- Day 10 
---Day 25 
o+---~--~--~----~--~--~--~--~--~--~ 
o 10 20 30 40 50 60 70 80 90 100 
Distance(cm) 
Figure 5.3 Degradation profile of toluene along bed length for Case 1. 
A similar pattern of behaviour for a moving moisture and degradation front was observed 
experimentally (Gostomski et al., 1997; Striebig et ai., 2001). The eventual shift in 
microbial activity to the upper regions was attributed in both cases to the evaporative 
moisture losses arising from microbial activity and, thus agreed with the model results. 
Model simulations by Mysliwiec et al. (2001) using aIm long, low hydraulic 
conductivity bed with controlled irrigation also demonstrated drying. In this case, a high 
mass loading of toluene (80 g/m3h) at 100% RH resulted in the permanent drying of the 
first 20% of the bed with a complete loss of microbial activity. However, further drying 
was eliminated due to the addition of water. 
The liquid velocity profile was strongly influenced by the local moisture content in the 
bed, As the inlet region of the bed dried up, the liquid velocity declined and, around 
day 10, the water in the inlet became essentially stationary (Fig. SA). Furthermore, 
propagation of the drying front and subsequent loss of moisture caused the middle regions 
of the bed also to experience a reduction in the local velocity. In this case the top of the 
bed had the highest liquid velocity because of constant water addition. A similar 
observation regarding the close relationship between local moisture content and liquid 
velocity was made by Mysliwiec et al. (2001). 
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Figure 5.4 Liquid velocity profile along the bed length for Case 1 
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5.2 Case 2: Performance Under Low Loading (Low Water Flux) 
Case 2 used a lower organic loading than Case 1 as might be generated by increasing the 
residence time by using a larger biofilter for the same air stream. Thus, the mass loading 
3 
was lowered by a factor of five to 13g/m h (Table 5.2). 
Table 5.2 Parameter values for Case 2. 
Parameter Value Units 
Length 1 m 
Diameter 0.1 m 
EBRT 6.8 mm 
Interstitial Gas Velocity 1 m/min 
Inlet Gas Concentration 1.5 (400 ppmv) glm3 
Gas Loading 13 glm3h 
Inlet Temperature 298 K 
Bed Porosity (e) 0.645 -
Gap Phase Porosity (eSg) 0.145 -
Initial Moisture Content 0.5 m3/m3 
Initial Gas Phase Concentration 0 glm3 
Initial Solid Phase Concentration 0 glm3 
In this scenario during the initial stages (day 1 & 2), a drying front propagated from the 
inlet region (Fig. 5.5). However, in marked contrast to the previous case, the wetting front 
counteracted the drying front and the water content at the air inlet began to recover by day 
10 after initial losses but was still less than the original water content. The system reached 
a steady state by day 10 compared to day 25 for Case 1 and overall this case indicated 
little water content change over time. Therefore, no shifting of the microbial activity from 
the air inlet region occurred over time. Thus, at steady state the system achieved a 
removal efficiency of 88% (Fig. 5.6). The higher removal as compared to Case 1 was 
attributed to the increased residence time (lower interstitial velocity), which resulted in a 
lower evaporative moisture removal. Hence, the resulting greater bed moisture content, 
which prevailed at steady state, coupled together with the sensitivity of Eq. 3.9 to 
moisture and concentration, permitted a higher removal to be attained. 
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The evolution of the temperature profile for the bed over time is depicted in Fig. 5.7. The 
upper half of the bed initially experienced condensation due to the cooler compost 
present. However, the upper regions of the bed increased in temperature due to the 
removal of heat from the metabolically active lower regions of the column and by day 10 
there was a 10°C increase at the gas outlet. 
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5.3 Case 3: Performance Under Low Loading (High Water Flux) 
Case 3 tested the effect of higher water addition rate by raising the flux by an order of 
magnitude (0.821 g/m2s). The parameters and initial values were the same as Case 2 
except the higher water addition rate. Analysis of the water content profile (Fig. 5.8) 
indicated a wetting front that moved quickly through the column. This was attributed to 
the presence of large capillary gradients (high surface flux) in the upper regions of the 
column. Although a slight drying front developed in the inlet region, it did not propagate 
into the bed as in earlier cases (Case 1 & 2). Therefore, the higher liquid addition rate was 
successful in counteracting the moisture loss from evaporation. A significant aspect of 
this case was that the bed equilibrated to a higher water content (0.58 m3/m3 ) on day 6, 
which results in a higher removal efficiency of 97%. However the leachate rate was 
approximately twenty times more than in Case 2. This excess leachate could be a 
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hazardous waste in some biofilter applications, and it could strip valuable nutrients from 
the biofilter medium. 
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Figure 5.S Variation of water content along the bed length for Case 3 
5.4 Sensitivity Analysis 
This model structure allowed all the parameters to be determined independently and 
contained no fitting coefficients. However for the purpose of this work, some parameters 
were assumed and some were less accurately known than others. To explore the effect of 
these assumptions, a sensitivity analysis of the various parameters on the steady state 
removal efficiency was performed, using the lower loading as the base case for 
comparison (Table 5.2). This included both quantitative and qualitative analysis of 
parameter effects on removal efficiency. All model parameters were investigated in this 
study but only parameters with known significance or those particularly difficult to 
measure are discussed in this chapter. 
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5.4.1 Moisture Content Effect on Microbial Activity 
The model was very sensitive to the variations in the biological degradation parameters in 
Eq. 3.10. Doubling the maximum degradation rate (r'm), increased the removal efficiency 
from 88% to 99%. A decrease in the above parameter by 75% and 50% resulted in 
removal efficiencies of 40% and 65% respectively. Doubling the half saturation constant 
(Kill) caused the removal efficiency to drop from 88% from 68%. An increase in the 
removal efficiency to 99% from that of the base case value of 88% was observed for a 
75% decrease in the above parameter. Since microbial activity was the driving force for 
the system, the sensitivity of the parameters describing the specific activity was 
unsurpn smg. 
The water content effect on microbial activity probably contained the least defensible 
assumptions due to the extrapolation of the available quantitative data (Acuna et ai., 
1999). Changing the structure of the relationship from sigmoid (Eq. 3.13) to Langmuir or 
exponential showed the model was very sensitive to the actual form of the function 
(Fig. 5.9). In this case the Langmuir-type relationship provided an 8% increase in removal 
efficiency, while the exponential correlation provided a 60% decrease in performance 
from that of the base case. Unsurprisingly, adjusting the parameters of the sigmoid 
relationship had an equally large effect. Also, increasing the initial bed moisture content 
(Sw) by 14% increased the removal by 11%, however the absolute value of initial 
moisture content was somewhat arbitrary and the outcome was related to the form of 
Eq. 3.13. Thus, the moisture content effect was an extremely important parameter for 
model performance and was subsequently, experimentally verified (Sec. 8.3). 
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Figure 5.9 The characteristic curves correlating the moisture content to degradation 
5.4.2 Unsaturated Hydraulic Conductivity 
Contrary to expectation, increasing the unsaturated hydraulic conductivity by an order of 
magnitude (which might be obtained by changing compost type or bulking agent) yielded 
no significant change (0.5%) in removal efficiency. This indicated that a change in the 
compost medium does not necessarily result in a rapid redistribution and subsequent 
increase in local water content required for attaining higher removal efficiencies. This 
was undoubtedly due to the highly non-linear relationship between matric potential and 
hydraulic conductivity common to most porous media, including compost (Fig. 3.3) 
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5.4.3 Temperature Effect on Microbial Activity 
The establishment of temperature profiles from convective and evaporative heat transfer 
influenced the local degradation rates in the model, which contained a temperature 
dependence term. However, comparison of degradation along the column indicated that 
temperature affected bed performance very little. Eliminating the temperature dependency 
on microbial activity (1f) increased the removal efficiency from 88% to 90%. Therefore 
using literature correlations was reasonable. 
5.4.4 Effective Thermal Conductivity of Bed 
In order to ascertain the influence of the effective thermal conductivity (Kef!) on model 
performance, the above parameter was varied by 50%, 200% and 400% from the base 
case value. For the larger parameter values there was no change in both the steady state 
and transient response of the system. A slight decrease of steady state RE (1%) was 
observed for the smaller values and was attributed to minimal contribution of conduction 
at this stage to heat transfer. This effectively resulted in a local temperature rise that 
retarded the degradation. The implication from this was that conduction played a very 
minor role and that heat transfer within the bed was governed mainly by evaporative and 
convective heat removal. 
A summary of the sensitivity analysis performed on key model parameters is given in 
Table 5.3. 
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Table 5.3 Model sensitivity to key parameter values 
Property % Change in parameter! Sensitivity as measured by 
removal efficiency of 
mode1 2 
Maximum degradation rate 100 99 
(VIII) 
-75 40 
-50 65 
Half saturation constant 100 68 
(Kill) 
-75 99 
Moisture content effect on Langmuir 96 
microbial activity3 Exponential 28 
Water content effects at 14 99 
start-up (S",) 
Temperature effect on Ignored the temperature 90 
microbial activity3 dependence 
Effective thermal 200 88 
conductivity (Kef!) 400 88 
50 87 
Unsaturated hydraulic 1000 88.5 
conductivity (K) (Order of magnitude) 
! The percentage change in parameter from that of the base case was recorded. 
2 Provides the removal efficiency ofthe system under the parameter change introduced. The base case 
removal efficiency was 88%. 
3 A qualitative change in the parameter was performed. 
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5.5 Case 4: Performance under Downward Flow (Low Loading) 
Although the bulk of full-scale biofi Iters tends to operate in an upflow mode, literature 
(Devinny, 1999) indicates certain benefits associated with the down flow mode of 
operation. A particular benefit arising from down flow operation is better moisture 
control. This effect could be quite influential in the performance of a biofilter as this 
option would help to achieve higher removal through better moisture control in the more 
biologically active air inlet region. 
A downflow biofilter operation was simulated with the same parameters and water flux as 
in Case 2. In this case the 0 em level corresponded to the water and gas inlet (top of the 
column) while the 100 em level referred to the bottom of the column. Analysis of the 
moisture distribution profile (Fig. 5.10) on days 1-2 indicated a slight increase in local 
water content in the lower half of the bed, which could be attributed to local condensation 
caused by the cooler compost. 
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Figure 5.10 Variation of water content along the bed length for Case 4 
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However, subsequent warming up of these regions from convective and evaporative heat, 
resulted in the evaporation of this excess moisture and a decrease in the local moisture 
content was observed on days 6-10 as a result. This system also reached steady state with 
respect to the key variables around day 10. The temperature profile for the bed depicted a 
similar pattern of behaviour as in Case 2 with the second half of the bed experiencing an 
initial lower temperature. However, this was subsequently followed by an increase in 
temperature that was attributed to the warming effect from convective and evaporative 
heat removed from the metabolically active upper regions of the bed. 
5.5.1 Comparison of Upflow Vs Downflow 
For the majority of mass loading no significant difference in EC was observed between 
upflow and downflow modes of operation (Fig 5.11). 
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Figure 5.11 The variation ofEC with load. 
This was attributed to the fact that, although the inlet attained a higher degradation rate 
under downflow mode due to better moisture control, the local degradation rates and 
concentrations (Fig. 5.12) along the bed were very much similar to the upflow operation 
due to similar moisture distribution patterns exhibited. 
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Figure 5.12 Concentration profile along bed length for Case 4 
However, at higher loading values a slightly lower elimination capacity was exhibited by 
the upflow mode. This was associated with the drying in the inlet region and the difficulty 
in compensating for the moisture loss through water addition, due to the slow rate of 
redistribution in the media. A higher leachate production was observed for the downflow 
operation (on an average basis 0.3 g/h) and was attributed to the local condensation that 
occurred during the initial stages. Higher loadings (65 glm3h) had an inhibitory effect on 
both systems as exhibited by the lower removal efficiency (25-28%), which could directly 
be correlated to the loss of moisture and subsequent retardation of biological activity. 
These simulated results confirm the experimental observations made by Krailas (2000) 
for the removal of humidified (RH 95-99%) methanol vapour using packed columns with 
compost/Pall rings, and intermittent water spraying. 
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5.6 Case 5: Performance Under Varying Inlet Air Temperature (Low 
Loading) 
The typical biofilter operation is subjected to the influence of external disturbances 
(e.g. varying inlet contaminant concentration and the feed gas temperature). However, a 
typical scenario is where the inlet temperatures vary in relation to diurnal conditions. 
Fluctuations in feed gas temperature affect the moisture content in well-insulated 
biofilters. Literature (van Lith et aI., 1997) clearly demonstrates the implications of 
fluctuating off gas dry-bulb temperature on biofilter performance. In Devinny et al. 
(1999) the monitoring of inlet air temperature has been stressed in order to prevent 
extremes in temperature, which could adversely affect the microbial activity through 
inhibition or cell death. Variations in feed temperature could be attributed to a multitude 
of factors ranging from the nature of the feed source, environmental conditions, time 
scale of operations, etc. 
Thus, for the case study considered the average inlet temperature selected was 21 DC (294 
K) and a sinusoidal component added to reflect the daily variation (Fig.5. 13). Therefore, 
over a one-day period the inlet air (RR 100%) was above the initial bed temperature of 
298 K for a period of 0.4 days and below the initial bed temperature for the rest of time. 
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Figure 5.13 The daily variation of inlet air temperature for Case 5. 
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The maximum and minimum inlet temperature thus achieved was 302 K and 286 K 
respectively. 
The scenario for Case 5 therefore simulated an industrial situation where the air stream 
temperature was changing over a 24-hour period. The parameters, initial values and the 
water addition rate were the same as Case 2. The temperature profile for the bed 
(Fig. 5.14) indicated that the daily variation in inlet air temperature influenced the 
evolution of the bed temperatures. However, the effect of inlet air temperature changes 
was more pronounced in the first 20-30% of the bed. Owing to the time lag associated, a 
delayed response occurred in the upper the regions to the influent temperature changes 
(i.e. these regions did not instantaneously respond to the variations in temperature at the 
inlet). 
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Figure 5.14 Temperature profile along the bed for Case 5 
Thus, on day 1 the region closest to the inlet was affected by the second half of the 
temperature cycle while the upper regions responded to the first half of the cycle. On days 
1.25 and 1.5 the inlet region underwent the first half of the cycle and was depicted as a 
local minimum and maximum respectively in the temperature profile. During this time 
period the upper regions of the column were subjected to the second half of the cycle 
although its effect was muted due to the increase in local temperatures from evaporative 
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and convective heat. On day 1.75 the inlet region exhibited a decrease in temperature as it 
underwent the second half of the cycle before progressing to day 2. This process repeated 
itself due to the continuous propagation of the inlet temperature variation within the bed. 
This was clearly manifested in the temperature profiles for days 1, 2, 6, 10 which 
displayed a similar local minimum for the time frames considered, 
The general trend for the water content profile (Fig. 5.15) was similar to that of Case 2, 
with moisture stripped from the solid phase due to the biological activity. But, the 
oscillatory nature of inlet local temperatures during a daily cycle as depicted in Fig. 5.14 
gave rise to unanticipated condensation/evaporation in the inlet region. Thus, when 
compared with Case 2 on days 1, 2, 6, and lOon an overall basis this yielded a slightly 
higher drying in the inlet region. However, the variation in local moisture was marginal as 
compared to Case 2 and hence this system also attained dynamic equilibrium on day 10 
with a removal efficiency of 88%, while producing leachate comparable to Case 2. 
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The degradation profile for the bed (Fig. 5.16) reflected the effect of varying inlet 
temperature on the system performance. The temperature dependence of the degradation 
term given by Eq. 3.9 meant that the local temperature variations affected the degradation 
rates. This was clearly demonstrated in the quarterly variation of the degradation rates in 
the inlet region within days 1-2, which closely followed a similar trend exhibited by the 
local temperatures. The activity in the inlet region characterised by a local minimum on 
days 1, 2, 6 and 10 was due to a similar temperature drop observed in the temperature 
profile (Fig. 5.14). The shift frol11 a minimum on day 1 to a local maximum on days 1.25, 
1.5 and 1.75 was also due to a similar temperature variation in the aforementioned regions 
from the propagation of the inlet temperature oscillations. The loss of moisture caused the 
local degradation rates to decrease in the inlet region at the initial stages (days 1, 2, 6), 
which however was reversed later due to the advection of water. Thus, the degradation in 
the inlet experienced an increase after day 6 from increased local water content through 
redistribution. 
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90 100 
The effect of higher water addition rate on Case 5 was explored by raising the flux by an 
order of magnitude (0.821 g/m2s). Analysis of the water content profile (data not shown) 
showed a wetting front moving quickly through the column, which was similar to that of 
Case 3. Although a slight drying front developed in the inlet region, it did not propagate 
into the bed as in earlier cases. Therefore, the liquid addition rate was successful in 
counteracting the moisture loss from evaporation. In this case also, the inlet temperature 
dynamics had a direct influence on the inlet degradation rates. However, rapid 
distribution and subsequent increase in local moisture on day 2 promoted a more vigorous 
activity in the above region. This system attained dynamic equilibrium on day 6 with a 
removal efficiency of98%, while producing leachate comparable to Case 3. 
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Chapter 6: Closed Loop Model Performance 
6.1 Irrigation Strategies Based on Feedback Control 
The simulations in chapter 5 (and common industrial practice) indicate that for successful 
biofiIter operation, water addition is of paramount importance. In simple biofilter 
systems, the water flow rate could be manipulated to maintain the required moisture 
content without producing excessive leachate. However, systems with external 
disturbances, as depicted in Case 5, prove too complex to be controlled by a simple 
constant water addition rate. A constant irrigation flow rate is not sensitive to the changes 
in spatial moisture content introduced by external disturbances. Hence, the maintenance 
of an optimum moisture content to achieve the dual criteria of high removal and low 
leachate would not be possible. 
Feedback control was investigated as a technique for maintaining adequate moisture 
control and minimising leachate production. For feedback control, a continuous estimate 
of the biofilter moisture content is required. Literature indicated that the options for on-
line measurement of moisture content were limited and included techniques such as total 
bed weight using load cells or point measurements using time domain reflectometry or 
tensiometer-based measurements (Devinny et al., 1999; Gostomski et al., 1997; Cook et 
al., 1999). For this exercise two measurements were investigated, overall bed weight and 
the average of moisture content measured at three points distributed axially along the bed. 
Industrial scale biofilter units commonly use load cells that measure the changes in bulk 
moisture content by weighing the packing material (van Lith et al., 1997). The readings 
obtained are processed in a control unit, which determines the rate of irrigation to 
maintain the desired moisture content. Although this technique has drawbacks such as 
being limited to fully enclosed systems and the need to recalibrate periodically, its 
practicality over the alternative spot techniques has prompted greater use. 
There are many commercial probes on the market that measure moisture content using 
various technologies. These probes can be inserted in the bed and provide a local 
moisture content (Cook et al., 1999). By measuring the bed moisture content over 
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multiple points, the spatial moisture distribution is measured rather than an average 
moisture content in the bed as generated by total bed weight. 
6.2 Controller Tuning 
To facilitate controller tuning, a simple first-order plus time delay model of the system 
relating the water addition rate to the moisture content was developed for the system and 
cast in Laplace transfer function form (Eq. 6.1). This approach, defined as "approximate 
process modeling", was implemented by using the model to generate simple input/output 
responses between the water addition rate and the set point variables (overall bed weight, 
average moisture content) (Ogunnaike, 1994). 
g(s) =---'---] +rcs [Eq.6.1) 
The parameters in the transfer function (Eq. 6.1) were ascertained by implementing a step 
input in the flow rate and monitoring both the transient and steady state response of the 
controlled variable. 
A PI (proportional + integral) controller was selected to regulate the water addition due to 
its ability to eliminate steady state offset and rapidly reject disturbances (Eq. 6.2). 
[Eq.6.2) 
The parameters in the PI controller were determined using IMC (internal model control) 
approximate model tuning rules. In designing the controller, the filter parameter (A) was 
selected to satisfY the recommended choice (i.e. A> 0.2 Tc) (Morari, 1989). 
[Eq.6.3] 
The values of the controller parameters for controlling total bed weight are listed in Table 
6.1. 
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Table 6.1. Parameters used in the PI controller for 
set point using bed weight 
Controller Parameter Bed Weight 
Kp 7.75x106 g s/cm 
Tc 103,680 s 
Kc 6.45x 10" cmJg s 
T1 103,680 s 
Although control theory generally considers both set point changes and disturbance 
rejection, this discussion will focus on the latter topic as it is frequently encountered in 
practical biofiltration operation. The systems simulated comprised of gas flow upwards. 
The model parameters used (Table 6.2) were identical to those of Case 2, with the 
exception of inlet air temperature and inlet concentration. 
Table 6.2 Parameter values used in the model under feedback control 
Parameter Value Units 
Length 1 m 
Diameter 0.1 m 
EBRT 6.8 min 
Interstitial Gas Velocity 1 m/min 
Bed Porosity (E) 0.645 -
Gas Phase Porosity (ESg) 0.145 -
Initial Moisture Content 0.5 m3/m3 
Initial Gas Phase Concentration a g/m3 
Initial Solid Phase Concentration a g/m3 
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6.3 Disturbance Rejection 
Practical biofilter operation is subjected to external disturbances that could affect the 
moisture content (see Chapter 5). However, in a feedback control system the controller 
would counteract any such disturbances in order to maintain the variable at its desired set 
point. In order to explore this control mechanism, two set point criteria, bed weight and 
average moisture content, were analysed. The set point selection for both criteria was 
based on an open loop system where removal and leachate were optimal. This was 
achieved in a system subjected to a load of 13 g/m3h and a constant water flux of 
0.158 g/m2s, which yielded a 96% removal with a steady state leachate flow of 
0.12 glm2s. Thus the average moisture content of 0.538 m3/m3 and the corresponding bed 
weight of 5951 g from the above system were selected as the set points. In order to 
emphasise the capability of schemes using feedback control in maintaining adequate 
moisture control, comparison was made with the above open loop case. For this study the 
temperature effect on microbial activity (Tp was ignored. This was due to the fact that the 
step change in temperature under external disturbance required the extrapolation of 
Eq. 3.12 outside the data range available in literature. However, sensitivity analysis 
indicated, elimination ofEq. 3.12 would have negligible influence on model performance. 
The following two types of external disturbances were used in the simulations. 
Variation in Inlet Concentration 
Variable feed concentrations are also common in industrial biofiltration (Swanson and 
Loehr (1997); Devinny et al., 1999). Literature indicates that to ensure optimal microbial 
activity, a constant feed stream is required (Devinny et al., 1999). However, survival of 
the microbial population during shutdown has also been documented and is enhanced 
through periodic aeration of the biofilter (Leson and Winer, 1991). Contaminant 
concentration in the off-gas is directly affected by the variations in the process facility 
(source). These variations in the inlet concentration are attributed to changes in product 
line, weekend shutdowns and transient operation of batch processes. Furthermore, the 
frequency of these variations is industry specific and could range from diurnal to weekly 
variations. 
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The simulations in this chapter were based on a scenarIO similar to an industrial ink 
drying process, where VOCs are volatilised during the drying process. In this study the 
biofilter system was subjected to a step increase in toluene concentration from 1.5 glm3 to 
7 glm3, which reflected a shift to a new product line and hence subsequent increase in 
contaminant concentration in the off-gas (Fig. 6.1). Hence, as a result a five-fold increase 
in the mass loading to the system occurred (13-62 g/m3h). 
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Figure 6.1. Variation of inlet toluene concentration with time 
Variation in Inlet Air Temperature 
As stated in section 5.6, fluctuations in feed gas temperature affect the moisture content in 
well-insulated biofilters. Variations in feed temperature could be attributed to a multitude 
of factors ranging from the nature of the feed source, environmental conditions, time 
scale of operations, etc, while the frequency of variations could range from daily to 
weekly. In this exercise, a scenario where the inlet air temperature varied from warmer to 
cooler conditions was emulated. The transition in the inlet air temperature encompassed 
the product line change under which the new ink product required less drying. In order to 
emulate this scenario the off-gas temperature (RH 100%) was decreased from 25 °C (298 
K) to 10 °C (283 K) using a step transformation (Fig.6.2). 
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6.4 Case 6: Performance with Bed Weight as Set Point 
. 
10 
A load cell approach was used to regulate the irrigation to maintain the bed weight at a 
desired set point value. The system dynamics associated with controlling the bed weight 
(Fig. 6.3) was for a set point of 5,951 g (0.538 m3/m3). In order to accentuate the 
disturbance rejection of this system, the controlled variable and the manipulated variable 
(water flow) were compared with those of the open loop system. Both open and closed 
loop systems were subjected to the two external disturbances one day after steady state 
was reached. 
Comparison of the controlled variable from Case 6 (Fig. 6.3) with that of the open loop 
system indicated a similar bed weight of 5,951 g up to day 1. However, with the 
introduction of external disturbances on day 1 the two systems displayed a clear 
difference in bed weight. A rapid decrease in bed weight from 5,951 g to 5,748 g 
occurred in the open loop system from day 2 to day 8. Moisture was stripped from both 
systems by greater evaporation from the high mass loading (62 glm3h) complemented 
with a cooler inlet air stream. In the open loop system, the inability of the constant water 
flux to rapidly redistribute and counteract the drying front manifested itself as a decrease 
in bed weight. The dynamics in the closed loop scheme consisted of a local minimum at 
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day 2.5 which was attributed to moisture changes caused by both load and inlet 
temperature variations. In this case the maximum deviation of the controlled variable 
from the set point was approximately 109. The robustness of this scheme in effectively 
counteracting moisture variation induced by external disturbances was amply 
demonstrated by the recovery of bed weight as the system recovered its steady state bed 
weight of 5,951 g on day 6. 
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Figure 6.3. The variation of bed weight with time under feedback 
control/open loop in Case 6. 
The removal efficiencies of the two systems initially displayed a similar removal of 96%, 
but the load change on day 1 caused a drop in the performance of both systems to 84% 
(Fig. 6.4). However, as stated earlier, the closed loop scheme's ability to overcome drying 
from the higher loading prevented a further drop and facilitated the maintenance of 
removal at 84%. On the contrary, the open loop scheme depicted a drop in RE to 73% 
before steady state was reached with permanent moisture loss from the bed. 
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control/open loop in Case 6, 
The variations of the water flow rate (manipulated variable) and the leachate rate as a 
function of time are indicated in Fig. 6.5. As in the case of the controlled variable, flow 
rate comparisons were also performed on the two schemes to stress the disturbance 
rejection property. At the onset of the simulation both open and closed loop schemes 
irrigated the bed with a constant flow rate of 0.158 glm2s. The sensitive nature of the 
controller in the closed loop scheme to the moisture variations induced by the external 
disturbances was displayed on day 1.5 and onward. In this case the controller action 
increased the flow rate to a steady state value of 0.25 g/m2s, which was sufficient to 
negate the drying effect and hence maintain the bed weight at 5,951 g. The open loop 
scheme irrigated the bed with a constant flow rate, which was not responsive to the 
external disturbances and thus, highlighted its drawback and inappropriateness under 
these conditions. The initial decrease in the leachate rates of both schemes was attributed 
to the drying in the inlet regions. However the stabilisation of the leachate rate in the 
closed loop scheme to a value of 0.07 g/m2s indicated no further propagation of the 
drying front. Moreover, increased drying of the medium in the open loop scheme resulted 
in the decrease of leachate rate to 0.009 g/m2s as steady state was reached on day 12. 
93 
0.3~----------------------------------------
Q) 
....., 
co 
0::: 
3: 0.1 
o 
u:: 
o 4 8 12 16 
Time (Days) 
-.- Flow - Open Loop -- Leachate - Open Loop 
-.- Flow - Closed Loop -+E- Lechate - Closed Loop 
Figure 6.5. The variation of water flowlleachate rate with time under 
feedback control/open loop in Case 6. 
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The moisture content profile (Fig. 6.6) on day 0 indicated an average moisture content of 
0.538 m3/m3, which was on par with that of the open loop scheme. The drop in moisture 
content in the inlet region on day 0 was due to the fact that the biofilter was operated until 
steady state was reached. Thus, day 0 referred to the time frame where steady state was 
reached and from where each profile was plotted. The introduction of a step change in the 
mass loading from 13 to 62 g/m3h and a 15°C drop in the inlet air on day 1 gave rise to a 
drying front. Hence, as a result on day 2, moisture was stripped from the first 50% of the 
bed with drying more predominant in the inlet region. In this scenario, the drying caused 
the controller to increase the water flux, which increased the local moisture content over 
the top 30-40 em of the bed. But, propagation of the drying front and further moisture loss 
in the inlet region was still occurring by day 6. This required the controller to irrigate the 
bed continually with a higher water flux to effectively halt any further drying. Thus, as 
steady state was attained on day 6 the inlet region displayed a permanent moisture loss, 
while the upper regions benefited from a higher local moisture content. The maximum 
and minimum volumetric water contents attained in the system across the bed length were 
0.553 m3/m3 and 0.521 m3/m3, respectively. 
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Figure 6.6. The variation of water content along the bed length under 
feedback control in Case 6 
The moisture content profile for the corresponding open loop scheme is provided in 
Fig. 6.7. In this case a similar moisture distribution pattern to the closed loop scheme was 
displayed on days 0 and 1. However, the effects of a higher loading and a cooler influent 
air stream coupled together with an inadequate irrigation rate caused significant drying 
through out the bed by day 6. The ramification of this increased drying was a decrease in 
the biological activity across the bed with greater retardation in the first 60% of the 
column (data not shown). For both schemes, the inlet temperature fluctuation contributed 
to drying at the initial stages as thermal equilibrium was reached between the air and solid 
phase. However, the higher mass loading and the resulting exothermic heat release played 
a more dominant role in the movement of the drying front and the subsequent removal of 
moisture from the medium. 
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the open loop scheme in Case 6 
The degradation profile for the closed loop scheme of Case 6 (Fig. 6.8) followed a trend 
that was consistent with the change in mass loading. The variability in the inlet region of 
the bed on day 1 was due to the introduction of a higher inlet concentration. The effect of 
the higher inlet concentration became more pronounced as the concentration front 
propagated through the bed and gave rise to higher local degradation rates by day 2. 
Compared to day 2, a slight decrease in the local degradation rates in the air inlet region 
occurred on day 6, due to a lower moisture content. The concentration profile for the bed 
(data not shown) displayed a similar type of behaviour as the degradation profile with a 
final removal efficiency of 84%. 
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Figure 6.8. Degradation profile along compost bed under feedback 
control in Case 6 
Compared to the insufficient water addition in the constant flow scenario, this closed loop 
approach ensured adequate irrigation to maintain the process variable at the desired set 
point in the face of external disturbances. Although both schemes did not recover their 
initial removal efficiency due to undergoing the load change, the closed loop scheme was 
able to maintain a steady removal of 84% as opposed to a RE of 73% from the open loop 
scheme. The leachate flow rate produced was significantly higher in the former scheme. 
However, it should be stated that the attainment of a similar removal, under a constant 
flow scheme would have produced leachate rates of greater magnitude. In this case, the 
system reached a steady state with respect to the key variables on day 10 of the simulation 
run with a steady state removal of 84%. The system parameters were not rigorously 
optimised and possibly a lower bed weight could provide adequate removal with even 
less leachate production or conversely a higher removal efficiency at a higher moisture 
content. 
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6.5 Case 7: Performance with Three Point Averaged Moisture Content 
A spot measurement technique was used for Case 7. By measuring the bed moisture 
content over multiple points, the controller was made more sensitive to the spatial 
moisture distribution rather than an average moisture content in the bed as generated by 
the total bed weight. The same external disturbances as before were used and the 
feedback signal was the arithmetic mean of water contents at 5, 50 and 90 em from the 
bottom of the column. The system simulated was a biofilter column with upward gas flow 
with initial and parameter values as stated in Table 6.2. 
The values of the controller parameters from Eq. 6.3 for this case are listed in Table 6.3. 
Table 6.3. Parameters used in the PI controller for 
set point using average moisture content 
Controller Parameter Three Point Averaged 
Moisture Content 
Kp 9.74x102 m3 s/m3 cm 
-'fc 129,600 s 
Kc 4.43xlO-
3 m3 crnlm3s 
'f] 129,600 s 
As in Case 6, in order to verify the presence of disturbance rejection in the closed loop 
scheme, both the controlled and the manipulated variables were compared with those of 
the open loop system. In this case also, external disturbances were introduced one day 
after steady state had been reached. 
This system was simulated for a set point consisting of an average moisture content of 
0.538 m3/m3 (5,951g). The dynamics associated with the controlled variable are depicted 
in Fig. 6.9. The controlled variables for the two systems displayed a similar average 
moisture content of 0.538 m3/m3 prior to the introduction of both load and inlet 
temperature variations on day 1. The two controlled variables started to drift apart after 
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day 2 as drying induced by external disturbances reduced the local moisture content. The 
inadequate water addition by the open loop scheme under these circumstances caused the 
average moisture content in that system to decline to 0.511 m3/m 3 by day 15. This 
represented the permanent drying that occurred in this system as steady state was reached 
(see Fig. 6.7). The effect of moisture loss from the above disturbances was portrayed as a 
slight decrease in the process variable in the closed loop scheme. However, the dynamics 
associated with the controlled variable was limited to the time frame of 2~ 7 days, as 
controlled water addition was effectively able to raise the average moisture content to the 
previous value of 0.538 m3/m3 . This action again reiterated the robustness of closed loop 
schemes in maintaining the bed moisture in the face of increased moisture stripping 
mechanisms. 
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Figure 6.9 The variation of average moisture content with time under 
feedback control/open loop in Case 7 
As in Case 6, the removal efficiency of the two systems was initially 96% (Fig. 6.10). 
However the decrease in removal in both systems on day 1 to 84% was due to the 
systems' undergoing the load change. The removal attained under the higher loading 
could not be sustained in the open loop scheme as retardation of microbial activity from 
moisture loss caused the removal to decline to 73% as steady state was achieved. But, in 
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the closed loop scheme, any further drop in removal was prevented by its ability to 
counteract the drying by irrigating the bed sufficiently. 
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As in Case 6, flow rate comparisons (manipulated variable) were also performed for both 
open and closed loop schemes (Fig. 6.11). The two schemes initially irrigated the bed 
with a constant flow rate of 0.158 g/m2s, to maintain the desired set point value. This was 
however reversed due to the introduction of external disturbances from day 1. In the 
closed loop scheme, the daily variation of the water flow rate depicted an overall increase 
from day 1 onwards, as the controller attempted to overcome drying by using a higher 
water flux. 
The oscillations present during days 4-8 were due to the manipulation of the flow rates by 
the controller as a new steady flow of 0.25 g/m2s was reached. The transients observed in 
the flow rate were in accordance with the variations in the controlled variable during the 
relevant time frames. In comparison the open loop scheme's constant flow rate was 
insufficient to counter the drying and was reflected as a significant moisture loss in the 
biofilter (Fig. 6.7). Both schemes displayed decreasing leachate flow rates at the initial 
stages, which represented moisture loss from evaporation. The local maximum displayed 
in the closed loop leachate on day 6, was attributed to flow rate variations by the 
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controller during the above time period. The closed loop scheme attained a steady flow of 
0.07 g/m2s as opposed to a lower leachate flow of 0.009 g/m2s in the open loop scheme. 
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Figure 6.11 The variation of water flow/leachate rate with time under 
feedback control/open loop in Case 7 
In this case too, the attainment of a higher stable leachate rate signified the former 
scheme's ability to effectively maintain bed moisture when subjected to disturbances and 
also highlighted the latter scheme's weakness under such conditions. 
The moisture content profile (Fig. 6.12) on day 0 indicated an average moisture content of 
0.538 m3/m3, similar to that of the open loop scheme. Although, this system was also 
initially operated until steady state was reached, no significant gradients in water content 
were observed in the inlet region of the column on day O. This was due to the fact that the 
local moisture was better regulated, as the controlled variable comprised of three 
distributed spatial moisture contents. In this case too, day 0 referred to where steady state 
was reached and from where each profile was plotted. The changes in the mass loading 
and inlet temperature on day 1) gave rise to a drying front whose effect became more 
pronounced in the first 40-50% of the bed on day 2. As in Case 6, the moisture removal 
associated with the drying forced the controller to increase the water flux, which caused 
an increase in the local moisture content over the top 30-40 em of the bed. However, by 
day 6, propagation of the drying front and further moisture loss in the inlet region was 
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still occurring. Under these conditions, a continuous high water flux was imparted by the 
controller to effectively prevent any further drying. Although, further drying was 
prevented, the inlet region did not recover to its initial moisture content as steady state 
was attained on day 10. A clear gradient in moisture content was observed across the bed 
with the maximum and minimum volumetric water content attained being 0.553 m3/m 3 
and 0.521 m3/m3 respectively. 
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Figure 6.12. The variation of water content along the bed length 
under feedback control in Case 7 
The degradation profile for the bed was quite similar to that observed in Case 6 using the 
bed weight as set point (data not shown). Initially, the local degradation rates at the air 
inlet region were affected by the step change in concentration, which however started to 
influence the activity across the bed as time progressed. A similar pattern of behaviour 
was reflected in the concentration profile with the final removal attained at 84%. This 
system also reached a steady state with respect to the key variables on day 10. 
The closed loop scheme discussed under Case 7, prevented bed moisture loss when 
confronted with moisture Joss mechanisms such as load increments and cooler inlet air. 
Compared to the open loop case, although there was sufficient water addition, the 
leachate production at steady state was considerably higher. However, extensive drying 
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lowered the leachate production in the open loop scheme. This system with multiple 
probes could be extended by identifying the optimum locations for the probes or by 
implementing a true distributed parameter control technique, both of which were beyond 
the scope of this work. 
6.6 Conclusions 
Although disturbances on biofilter systems would predominantly be oscillatory in nature, 
the use of step changes in mass loading and inlet temperature in the current simulations 
was able to demonstrate the superiority of closed loop irrigation schemes in maintaining 
bed moisture and removal. Since the removal achieved and leachate produced were 
identical in the closed loop schemes of Case 6 and Case 7, both schemes could be 
recommended as accurate and robust irrigation strategies for regulating biofilter moisture. 
The simulation results lead to the conclusion that incorporation of such schemes in 
biofilter beds would eliminate media dry-out, particularly under a load change scenario. 
This would not only prolong the useful life of the organic medium but also ensure 
consistent performance from the biofilter system. Furthermore, irrigation control 
strategies based on feedback control could also avoid drawbacks such as high leachate 
production associated with the open loop irrigation, particularly under external 
disturbances when high removal efficiencies are required (Case 5-higher water addition). 
From an industrial perspective, implementation of such schemes would ensure optimum 
bed performance, which is crucial to satisfying the stringent regulatory standards. This 
would also alleviate the need for manual sampling of medium moisture along the column 
length and the subsequent ascertainment of the desired water flow rates as performed 
under the traditional operation. The simulation model developed here provided a useful 
tool to implement and evaluate various irrigation strategies. This was achieved by way of 
greater flexibility in incorporating the various schemes into the base model and the 
comparatively low simulation time taken to obtain the relevant results. 
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Chapter 7: Directional Switching 
7.1 Introduction 
In packed bed biofilters, unidirectional (UD) airflow is normally utilised as it provides 
various benefits in practice. Thus, in the downflow mode of operation, the moisture control 
process is often easier, which is of critical importance in biofilter operations. In addition, due 
to the co-current flow of the air and water, better drainage is provided at the bottom of the 
biofilter. However, in the treatment of sulphur/chlorinated compounds (Yang & Allen, 1994) 
the build-up of acids can cause a drop in pH and in such circumstances the upflow mode of 
operation is preferred because the waste products are more easily washed from the bed. In 
most cases the actual airflow direction is an initial design criterion and is rarely subject to 
change during the operational time of a biofilter. 
Research work in the past has resulted in a novel concept known as "directional switching" 
(DS). Under this approach, the inlet feed stream was switched between the top and bottom of 
the biofilter according to a predetermined frequency. Initial work performed by Kinney et al. 
(1996) and continued by Song et al. (1999) attempted to overcome biomass accumulation 
and reduce biodegradation at high loading using directional switching. In this case a 
comparison was made for toluene removal between a UD biofilter and a DS biofilter packed 
with porous silicate pellets and an aerosol moisture supply. The results indicated a retardation 
of activity in the inlet regions ofthe former, while uniform degradation was maintained in the 
latter. The loss of activity and subsequent increase in the pressure drop of the UD biofilter 
was attributed to the excess biomass build up in the inlet region, which was also confirmed 
by measuring volatile solids. Switching the airflow at three day intervals resulted in a more 
sustained and even biomass distribution in the DS biofilter, which was confirmed by 
measuring the microbial respiratory activity. Subsequent work performed by Song et at. 
(2000) analysed the effect of switching frequency on DS mode of operation. A high RE 
(> 99%) was recorded for each frequency, although the actual length of the active period 
depended on the frequency used. Thus, at lower frequencies, prolonged exposure to high 
concentration caused microbial inhibition, while at high frequencies the retardation was 
much more subdued as the recovery time was faster. 
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7.2 Directional Switching for IVloisture Control 
Directional switching was derived for controlling biomass, although its implication on 
moisture control was explored recently (Devinny et al., 1999; Striebig, et al., 2001). 
Experimental work performed by Striebig et al. (2001) for the treatment of ethylbenzene 
using non-irrigated biofilters packed with compost and slow release fertiliser indicated the 
presence of moisture content gradients and subsequent loss of activity in a UD biofilter 
(upflow). This decrease in removal efficiency was attributed to the loss of moisture arising 
from metabolic activity causing evaporative cooling and was confirmed by the close 
correlation between moisture content and the primary active zone. A higher removal was 
achieved in the DS biofilter by utilising the condensate from upflow mode in the downward 
operation. However, due to the non-addition of supplemental water and the related drying 
effect, continuous operation under DS mode was impractical. Thus, directional switching was 
recommended only as a means of prolonging the operation time of a biofilter without water 
addition. 
In the current model, since it was assumed that the biofilm was fully developed (no active 
growth) and stable, operation under high mass loading would not generate biomass clogging 
and reduced activity. However, as the driving force for the model was the moisture content 
effect on degradation, the loss of moisture under high loads could lead to reduced local 
activity and decrease in overall removal efficiency. Thus, using the Case 1 scenario (Chapter 
5), directional switching was tested for better moisture distribution and potentially increased 
local degradation. The removal efficiency obtained was compared to that of 
upflow/downflow operation under both open and closed loop irrigation control. Simulations 
were performed for two start-up moisture contents of 0.5 m3/m3 and 0.53 m3/m3 and 
switching frequencies of one and three day durations. The parameter values used in the 
simulations are given in Table 7.1. 
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Table 7.1 Parameter values in directional switching operation 
Parameter Value Units 
Length I m 
Diameter 0.05 m 
EBRT 1.45 min 
Interstitial Gas Velocity 4.7 m/min 
Inlet Toluene Concentration 1.5 (400 ppmv) g/m3 
Toluene Loading 60 g/m3h 
Irrigation Rate 0.0546 g/m2s 
Inlet Temperature 298 K 
Bed Porosity (8) 0.645 -
Gas Phase Porosity (E8g) 0.145 
Initial Moisture Content 0.5 m3/m3 
Initial Gas Phase Concentration 0 g/m3 
Initial Solid Phase Concentration 0 g/m3 
7.3 Case 8: Performance under Directional Switching 
7.3.1 Three Day Switching Frequency 
The system was simulated with a constant water flux of 0.0546 g/m2s with the gas flow 
upward at the start of simulation. As the three day frequency provided the most stable 
performance in Song et al. (2000), it was decided to alternate the gas flow every three days. 
The propagation of a drying front in the water content profile was attributed to the 
exothermic bioreaction and the resulting local temperature rise associated with the high 
load ing of 60 g/m3h. Furthennore, as in Case 1, the inability of the wetting front to 
counteract the drying caused further moisture loss. The reversal of airflow direction on day 4 
caused the degradation to increase in the water inlet region and was depicted as a minor 
decrease in the local moisture in that region (Fig. 7.1). Moisture was continuously stripped 
from the lower regions as convective and evaporative heat from the active upper region 
warmed up the lower regions ofthe column. The moisture loss in the lower region continued 
until dynamic equilibrium was reached around day 19. 
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Figure 7.1 Variation of water content along the bed length under 
directional switching with a three day frequency. 
The temperature profile for the bed (Fig.7.2) indicated a reversal of local temperature 
distribution as airflow direction was switched on day 4. The local temperature rise of 4 °C as 
a result caused an increase in the absolute humidity of the air and, as thermal equilibrium was 
reached, moisture was removed from these regions. Furthermore, the permanent drying in the 
lower region and the subsequent retardation of activity as upward air flow commenced on 
day 7 was illustrated as a decline in local temperature across the bed. Local temperature 
drops continued to occur during upflow until moisture equilibrium was reached on day 19. 
The similar inlet temperature patterns under downward airflow demonstrated a consistent 
microbial activity in the inlet region, which was attributed to better moisture control. 
The degradation profile for the bed (Fig.7.3) during days 1-2 indicated a uniform activity 
across the bed. However, the reversal of airflow on day 4 caused the active region to shift to 
the upper regions of the column. The localised drying that occurred in the lower regions 
during this time was depicted as a reduction in the local activity. The second up flow 
operation on day 7 saw the transition of the active region to the upper regions of the column. 
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Figure 7.2 Temperature profile along the bed under directional 
switching with a three day frequency. 
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Figure 7.3 Degradation profile oftoluene along the bed length under 
directional switching with a three day frequency. 
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This retardation of microbial activity in the lower regions was because of the lower steady 
state moisture contents in this section of the column. The down flow operation on day 10 
depicted an unchanged local degradation at the air inlet, although continuous moisture loss 
from the lower regions caused fmiher loss of activity in this region. Thus, local biological 
activity at the lower end of the column continued to decrease until steady state was reached 
on day 19. 
The concentration plots for the bed (Fig.7.4) yielded contrasting gas phase concentration 
profiles for the upward and downward gas flow scenarios. Declining microbial activity 
related to moisture loss caused the gas phase concentration to increase throughout the column 
under upward airflow. This resulted in the drop ofremoval in the upflow cycle from 33% on 
day 1 to 26.5% on day 19 as steady state was reached. On the contrary, the removal remained 
fairly unifonn under downward flow, although the effect of drying in the lower regions 
started to impact at the latter stages. A more stable perfonnance occurred under downflow 
with removal reducing by only 2%, which reiterated its supeliority in ensuring better 
moisture control. 
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Figure 7.4 Concentration profile of toluene along the bed length 
under directional switching with a three day frequency. 
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7.3.2 Comparison of Performance 
Comparison of the steady state removal with other forms of operation, for the same organic 
loading yielded varying results (Fig 7.5). Directional switching (DS) with a three day 
frequency did not provide a significantly different performance (26.5%) as compared to the 
upflow mode (26%). However, downflow operation increased the removal to 28%, which 
was attributed to greater activity arising from higher water contents and higher gas 
concentrations 111 the upper regions of the column. Thus, due to better moisture 
control/distribution, the active region under downflow was concentrated at the water inlet 
side. This confirmed that downflow mode of operation was more suitable than upflow for 
high organic loading. However, the best performance under this loading was provided by the 
system with controlled irrigation using closed loop feedback control. Due to the industrial 
preference for the load cell approach, the closed loop irrigation scheme used the bed weight 
as the controlled variable. The closed loop scheme used a set point value of 5720 g (average 
moisture content 0.51 m3/m3), which represented the equilibrium bed moisture content in the 
beds, under a no load scenario. This system provided a steady state removal efficiency of 
35%. 
DS(Directional 
switching) 
UD(Upflow) U D( Downflow) Closed loop 
irrigation 
Figure 7.5 Comparison of performance of different operating schemes 
for a high organic loading 
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The leachate flow rates produced by the different schemes at steady state provided mixed 
results (Fig. 7.6). Both the three day directional switching scheme and the upflow scheme 
produced similar leachate, which was due to a similar moisture distribution pattern in the 
lower regions of the column. The slightly higher removal in the downflow mode was 
accompanied by a leachate rate that was greater than that of the DS operation. This was 
attributed to the condensation that occurred in the initially cooler lower regions of the 
column. A ten-fold increase in the leachate rate occurred, in the closed loop scheme as 
compared with the DS mode, as the controller maintained the bed weight at the desired set 
point value. The higher average moisture content attained at dynamic equilibrium, resulted in 
the production of this higher leachate. Controlled water addition therefore was capable of 
ensuring a better moisture distribution and counteracting drying, which resulted in the bulk 
activity remaining in the inlet region. 
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0) 
'--' 
DS(Directional 
switching) 
UD(Upflow) U D(Downflow) Closed loop 
irrigation 
Figure 7.6 Comparison of the leachate rates for different operating schemes 
under a high organic loading 
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7.4 Performance of Inlet Regions 
The degradation capacity of the inlet sides were compared within and between the operating 
cycles for a given airflow direction under directional switching. For the purpose of analysis, 
the inlet region was defined as the first 25% of the column from the air inlet and the biofilter 
column operated for a period of 12 days with the parameter values listed in Table 7.1. Each 
upflow and downflow operation comprised of three day cycles. Hence, cycles 1 and 3 were 
under upward flow while cycles 2 and 4 were under downward flow. For the case of upflow 
operation, a gradual decline in performance was observed over the cycle 1 (days 1-3) (Fig 
7.7). The moisture content profile for the corresponding time indicated a rapid drop in the 
moisture in the inlet region due to evaporation and slow redistribution of water in the 
medium. The loss of inlet moisture with directional switching resulted in a 39-41 % drop in 
performance when cycles 1 and 3 were compared on a daily basis. 
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Figure 7.7 Daily comparison of the inlet regions' performance under 
the upflow cycles of the directionally switched scheme 
For cycles 2 and 4 (airflow downwards), the inlet removal was constant and higher than in 
the opposite direction (Fig. 7.8). The local removal during the cycles did not vary and was 
primarily linked to the rapid replenishment of moisture to the active region, which as a result 
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counteracted any moisture loss. Thus, the inlet region under cycles 2 and 4 had a similar 
moisture distribution pattern and hence similar performance. 
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Figure 7.8 Daily comparison of the inlet regions' performance under 
the downflow cycles of the directionally switched scheme 
7.5 Case 9: Frequency Effect on Directionally Switched Biofilters. 
The frequency effect of switching the gas flow was determined by reversing the feed stream 
to the biofilter every day. The moisture content profile (Fig. 7.9) on days 1-2 indicated a 
slight drop in moisture in the middle of the column, which was due to the development of the 
temperature profile on day 2. As the flow direction was reversed on day 2 the heat generated 
from the active region (upper regions) was transferred through convection and evaporation to 
the lower regions. 
This resulted in an initial increase in the local temperatures of the mid regions, which caused 
the absolute humidity of the oncoming air to increase and resulted in moisture removal from 
this region. As in Case 8 alternating gas flow resulted in a similar local moisture distribution 
pattern at the upper regions of the column. Irrespective of the switched airflow direction, the 
lower regions experienced moisture removal by way of evaporation. However, the drying in 
the above region was marginally reduced under both frequencies when compared to the UD 
mode of operation. 
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Figure 7.9 Variation of water content along the bed length under 
directional switching with a one day frequency. 
This system reached dynamic equilibrium on day 12 with permanent moisture loss in the 
lower regions of the column. The concentration profile for the bed (Fig. 7.10) indicated the 
drying effect on the lower regions of the column by way of an increased local gas phase 
concentration under both flow directions. Due to better moisture control in the upper region 
where the bulk activity was concentrated, the gas phase concentration in the upper region 
remained constant under downflow mode. This system displayed steady state in the upflow 
direction on day 9 and steady state on day 12 in the downward flow. 
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Figure 7.10 Concentration profile of toluene along the bed length 
under directional switching with a one day frequency 
The degradation profile for the bed (Fig. 7.11) indicated a uniform distribution of activity 
across the bed on day 1. The activity at the air inlet region for the downflow operation was of 
a higher magnitude due to better moisture control. Continuous moisture loss from the lower 
regions of the column retarded the local activity and forced the active zone to occur in the 
upper regions under upflow mode. Compared to downward flow operation, the lower gas 
phase concentration encountered in the upper regions in this instance forced the degradation 
in the active zone to be lower. 
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Figure 7.11 Degradation profile of toluene along the bed length 
under directional switching with a one day frequency. 
The system considered provided a steady state RE of 32%, which was higher than the three 
day switching. Comparison of the moisture content profiles indicated an improved moisture 
distribution, particularly in the lower regions under the one day frequency. This was 
attributed to the transfer of the active region more frequently between the water inlet and 
column bottom, which ensured a lower moisture removal than in either UD 
(downflow/upflow) operation. The degradation rates of Case 9 were higher when compared 
to uni-directional downflow operation, which was partially due to a better moisture 
distribution in the former. The local activity in the upper regions also benefited from the 
warmer temperatures arising from the upflow operation (300-303 K) as governed by Eq. 
3.12. Overall these effects contributed to an increased removal. 
Analysis of the inlet region's performance (25% of the column from air inlet) under upflow 
indicated an initial increase followed by a moisture loss induced steady drop for a 10-day 
period of operation (Fig 7.12). As stated earlier steady state removal was reached on day 12 
in the upflow cycle. However, as stated earlier, due to better moisture control the inlet 
116 
region's performance under the downflow mode resulted in a uniform RE of 12%. The value 
attained was higher than that of Case 8 as the inlet region achieved higher activity due to 
warmer temperatures from previous upflow operations. 
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Figure 7.12 Performance of the inlet region under upflow mode 
during directional switching with a one day frequency 
7.6 Case 10: Start up Moisture Effect on Directionally Switched BiofiIters 
The effect of start up moisture on DS mode was explored by increasing the initial bed 
moisture content to 0.53 rn3/rn3 and operating the system under the relevant parameter values 
stipulated in Table 7.1. In this case, the water flow rate was increased to 0.143 g/m2s to 
reflect the moisture content at start-up. A three day frequency was selected for the directional 
switching process. The increase in saturated air temperature from the biological activity 
caused a drying front to propagate in the water content profile. The inability of the wetting 
front to redistribute rapidly and counteract the drying further aggravated the moisture loss at 
the initial stages. The reversal of air flow direction on day 4 caused the bulk degradation to 
shift to the water inlet region and was depicted as a decrease in local moisture in that region 
(Fig. 7.13). However, the wetting front subsequently counteracted the drying as indicated by 
the higher moisture content present in the lower regions when steady state was reached on 
day 13. 
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Figure 7.13 Variation of moisture content along the bed length for an initial 
moisture of 0.53 m3/m3, subjected to directional switching with 
a three day frequency 
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Changing the airflow also resulted in an increase in the temperature of the mid regions of the 
bed (Fig. 7.14). The increase in temperature was associated with the higher metabolic activity 
arising from a better moisture control in the active region (upper region). The subsequent 
evaporation caused a drop in moisture content in the mid region. With time the lower regions 
of the bed attained a higher temperature and the moisture loss mechanism as above was 
repeated in this region too. 
The local moisture loss was not significant enough to cause a drop in activity in the lower 
regions and hence the gas phase concentration for days 4~5 remained constant (Fig. 7.15). 
The greater activity present was reflected in the steady state removal efficiency of 50%, 
which was higher than all previous operations under directional switching. 
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Figure 7.15 Concentration profile along the bed length for an initial 
moisture of 0.53 m3/m3, subjected to directional switching with 
a three day frequency 
Compared to operation at a start-up moisture of 0.5 m3/m 3 (Case 8 & Case 9), the reversal of 
airflow on day 7 caused the active region to shift to the lower regions of the column. 
However, the degradation rates were lower than when compared to days 1 ~2, due to the lower 
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water content present (Fig. 7.16). Subsequent water advection was successful in overcoming 
drying and increasing the local moisture content. This increased the local microbial activity 
in the lower region around day 8, but was not sufficient enough to be reflected in the 
concentration profile for days 7-8. As the flow direction was reversed on day 10, this system 
reverted to a scenario similar to that of day 4 in terms of both the moisture distribution and 
microbial activity. 
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Figure 7.16 Degradation profile along the bed length for an initial moisture 
of 0.53 m3/m3, subjected to directional switching with a 3-day frequency 
7.7 Conclusions 
In this chapter, directional switching was explored as a potential operating scheme to 
overcome the media drying caused by high mass loadings. A comparison of the performance 
of a DS system with a three day frequency with other schemes using constant irrigation, 
indicated no significant improvement in removaL The removal in the DS scheme was also 
lower than that achieved with irrigation using feedback control. However, model simulations 
with a one day frequency provided an improved performance, which implied that for 
successful DS operation a high switchover rate would be required. The effect of higher initial 
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moisture content on DS schemes indicated an improved perfonnance ii'om a higher local 
activity. But, an upflow biofilter operated under the same parameters/initial conditions also 
provided similar results in telIDS of both removal and leachate. Thus, it was concluded that, 
contrary to expectations, directional switching with a three day frequency would not yield a 
superior performance through better moisture distribution, when treating high mass loadings. 
Although a higher removal is possible with higher frequencies, practical difficulties 
peliaining to implementation when compared with the traditional fonns of operation could 
cause such schemes to be rejected at an industrial scale. The analysis perfonned in this 
chapter also reiterated the need to implement irrigation strategies based on feedback control, 
when accurate and robust moisture control is required. 
A summary of the different case studies analysed in tms work is given in Table 7.2. 
Table 7.2 Slmunary ofthe case studies 
Case # Toluene Gas Flow Initial RE Water Flux Leachate Feedback External 
Loading Direction Moisture (%) (g/m2s) (g/m2s) Control Disturbance 
(g/m3h) Content (YIN) (YIN) 
(m3/m3) 
I 60 Upwards 0.5 26 5.46xlO·2 1.5x]O,3 N N 
2 13 Upwards 0.5 88 5.46x1O'2 1.6x 10'2 N N 
3 13 Upwards 0.5 97 8.21 x 10'1 7.8xl0 1 N N 
4 13 Downward 0.5 89 5.46xlO'2 1.95x 1 0'2 N N 
5 13 Upwards 0.5 88 5.46xlO'2 2xlO'2 N Y 
6 13-62" Upwards 0.5 84 2.5xlO'l 7xlO,2 Y Y 
7 13-62' Upwards 0.5 84 2.5xlO'1 7x1O'2 Y Y 
8 60 Switched 0.5 26.5 5,46xlO'2 l.55xlO'3 N N 
(3-Day) 
9 60 Switched 0.5 32 5.46x 10'2 5.1 X 10,3 N N 
(Daily) 
10 60 Switched 0.53 50 1.43xlO'i 6x1O'2 N N 
(3Day) 
a A step change in mass loading, from 13-62 g/m3In' was introduced one day after steady 
state was reached. 
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Chapter 8: Experimental Results 
In trod uction 
As indicated in the modelling work of chapter 5, the model was found to be quite 
sensitive to the form of the relationship between water content and microbial activity: 
This aspect was further highlighted by the high degree of sensitivity indicated by the 
model to the kinetic parameters in the degradation term. Since the premise of the 
modelling work was the independent validation of key parameters it was decided to use 
experimental data obtained from the differential reactor (chapter 4), to investigate the 
relationship between water content and performance. The goal of this work therefore was 
to explore the above relationship by rigorously controlling the medium moisture and also 
to elucidate whether performance was entirely moisture dependent. 
8.1 Concentration Profiles 
The toluene degradation profiles with acclimatised microorganisms at matric potential 
values of -6, -16, -26, -36 cm H20, indicated a period of constant degradation followed by 
a non-linear region at lower concentrations. The concentration profile for toluene at 
matric potential values of -6 and -26 cm H20 are provided in Fig. 8.1. Similar profiles 
were observed in other experiments at varying matric potentials (Appendix D). 
Similar observations of constant degradation rates followed by reduced rates were made 
in the degradation of 2,4-dinitrophenol (DNP) using an indigenous microbial consortium 
(Hess et al., 1996). The constant degradation rate region would support the argument of a 
biologically limited region of activity controlled by a constant maintenance energy 
requirement (Pirt, 1975), which was independent of the extracellular substrate 
concentrations. The use of a maintenance metabolism approach was stressed particularly 
in batch scale work due to the slow growth rate coupled together with the low 
concentration present (Andrews, 1984). Maintenance models were also used to describe 
the mineralisation of toxic substrates in soils (Schmidt et al., 1985b). It was also 
postulated that maintenance energy contained an additional growth dependent term and 
its implication was explored using oxygen consumption rates (Pirt, 1982). 
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Figure 8.1 Concentration profiles of toluene with time in the batch 
recycle reactor-using compost at -6 & -26cm H20 matric 
potential. 
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The presence of a nonlinear degradation rate towards the lower end of the concentration 
profile indicated the possible transition to diffusion or kinetically limited degradation. For 
a non-indigenous pentachlorophenol (PCP) degrading consortium, mineralisation at low 
concentration was not adequately described by a maintenance model (Hess et al., 1996) 
and was attributed to the presence of mass transfer limited metabolism. However, more 
experiments would be required to differentiate mass transfer and metabolism effects on 
degradation in this system. 
8.2 Water Retention Curve 
The water retention curve (WRC) for a porous medium is dependent on the texture and 
structure and is therefore unique to each medium. The WRC consists of four main regions 
(Stephens, 1996), is highly non-linear (Hanks, 1992) and is obtained by establishing a 
series of equilibria between the soil water and bulk water at a known matric potential 
(Klute, 1986). Due to the presence of hysteresis the WRC consists of both a drying and 
wetting curve, The wetting curve is mapped by establishing equilibrium in soil samples 
by wetting from a low water content (residual water content) to natural saturation (Klute, 
1986). 
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In this study, the WRC for compost was generated for a range of matric potentials used 
along the wetting direction (wetting curve). In this case, static reactors that were 
uncoupled from the flow system were used to obtain the equilibrium moisture contents 
corresponding to the matric potentials applied. As discussed earlier, to ensure that the 
moisture content in the medium was maintained at a constant value, periodic dry weight 
analysis of reactor compost were performed. The values were subsequently compared to 
the moisture contents corresponding to the matric potential applied from the water 
retention curve (WRC). 
Literature indicated that ambient temperature has a significant influence on the steady 
state moisture contents and that the effect tends to be more pronounced in the low water 
content regions (Hopman et al., 1986a). The temperature effect on the WRC was 
attributed to a multitude of factors, such as the influence of temperature on the surface 
tension at the air water interface, entrapped air and the presence of surface-active 
contaminants, which would produce temperature-surface tension relationships exceeding 
that of pure water. In Liu et al. (1993) a new theory was proposed to elucidate the 
temperature effect on the WRC, which assumed the water to consist of isolated and 
continuous water and where the latter parameter would determine the matric potential. 
Under this approach, the inclusion of a temperature dependence on the isolated water 
content resulted in an additional temperature dependence on the WRC. 
The WRC for Organix compost (Fig. 8.2) was thus obtained at a constant 30°C. Analysis 
of the WRC indicated that the slope of the curve increased as water content was reduced. 
Thus, the trend observed was quite similar to what was observed by Hon (1999) for the 
WRC generated using a steady state, long column, constant flux method for Organix 
compost. Hence, the effect of changing matric potential on system performance in terms 
of moisture content was more pronounced at lower water content values. 
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Figure 8.2 Water retention curve for Organix compost (wetting curve). 
8.3 Water Content Effects on Degradation 
To determine the effect of different moisture contents on biological activity, the 
elimination capacities from the initial, linear region (biologically-limited) of the 
concentration profiles (>50 ppmv) were compared. The higher degradation rates in this 
region caused greater stress on the moisture content and full-scale bioreactors also tend to 
operate in this constant rate regime (Cherry & Thompson, 1997). Additionally, in this 
batch system, degradation at the lower concentrations took extended periods of time and 
caused practical issues pertaining to monitoring. Elimination capacities (EC) were 
averaged over two runs. The EC values at the different matric potentials ranged from 
24 g/m3h to 155 glm3h and matched the range of values stated in literature for toluene 
elimination capacity (Devinny et al., 1999; Elmrini et aI" 2001) 
The EC results were initially generated with increasing media moisture content (wetting 
curve) (Fig. 8.3). The error bars in Fig. 8.3 indicated the range of the two steady state EC 
values. The EC was relatively constant between -36 and -16 em H20 with some 
indication of possibly a slightly lower EC at the mid-range matric potential (-26 cm H20) 
value. The EC was markedly higher at the wetter region associated with -6 em H20. The 
moisture content varied considerably over the range of matric potential generated with 
-36 cm thO corresponding to 1.65 gig on a dry basis and -6 em H20 generating 2,20 gig 
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on a dry basis (Fig. 8.2). Although redueed toluene degradation at low water contents was 
observed in a peat bed (Acuna et al., 1999), this was attributed to a non-homogeneous 
distribution of moisture. For the current results, moisture changes were adequately 
counteracted with a robust moisture control strategy. 
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Figure 8.3 Variation of elimination capacity with matric potential 
for toluene removal by compost in a batch recycle 
reactor 
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The batch system developed did not allow careful study of the dynamics of Ee changes 
with matric potential changes. However consistent batch degradation profiles took at least 
one to two weeks to develop. This time period could not be adequately explained purely 
by the dynamics of water content change, since separate experiments indicated that 
moisture content attained equilibrium within two to five days after a change in matric 
potential. A detailed investigation of these dynamics would require the system to be 
operated in a continuous mode. 
The Ee values for the system were also computed at decreasing moisture contents (drying 
curve). Under this approach the Ee dropped in a more steady fashion between -6 cm H20 
and -36 cm H20. The elimination capacity at -26 cm H20 from the drying curve was 
considerably higher than that at the same matric potential along the wetting curve 
(95 g/m3h vs. 24 g/m3h). The most probable explanation for the Ee hysteresis was that 
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there was a higher moisture content at -26 cm H20 during the drying cycle. While many 
porous media display hysteresis in the water retention curve (Klute, 1986), earlier 
experiments did not show hysteresis in Organix compost (Hon, 1999). If water content 
hysteresis was the cause for variation at -26 cm H20, it would indicate that the physical 
amount of water and not the inherent matric potential was the controlling mechanism for 
the variation in BC in Fig. 8.3. 
The BC values at -36 cm H20 along the wetting (initial) and drying curves did not show 
significant variation. It was possible that hysteresis in moisture content became negligible 
at this point or that another mechanism was controlling the elimination capacity at the 
lower water contents. A combination of operation at lower matric potentials 
« -36 cm H20) and a more detailed water release curve would be required to determine if 
the BC continues to drop at low matric potentials and if it continues to remain unique, 
independent of the direction of approach. The lack of variation in BC at -6 cm H20 is 
purely an artifact as that was the highest matric potential achieved. The potential of 
hysteresis in moisture content is the subject of future work. 
8.4 Repeatability Tests 
Although the apparatus constructed permitted the accurate control of the medium 
moisture content, it did not guarantee that the observed changes in BC were entirely due 
to moisture content changes. Other changes that could have influenced the BC include 
active biomass content, specific biomass activity and metabolic degradation product 
concentrations. Thus, repeatability tests were performed at matric potential values of -26 
and -16 cm H20 along the wetting direction. These repeats represented the same compost 
that had experienced a number of batch degradation cycles at different matric potentials 
prior to returning to the given matric potentiaL 
The EC values yielded in the repeatability runs for the above matric potential values were 
28 ± 2 g/m3h and 39 ± 3 g/m3h respectively. The results obtained thus demonstrated 
significant repeatability (Fig. 8.3) in terms of the EC at the two matric potentials 
concerned. These repeatability runs were performed as independent experiments using 
two separate reactors. The reactor used to obtain BC at -26 cm H20 matric potential was 
subjected to 20 batch cycles of one day duration along the drying curve (-6 to -36 cm 
H20) prior to its operation at -26 cm H20. Similarly, 12 days of batch runs were 
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performed along the wetting curve (-36 to -26 cm H20) on the reactor used to obtain EC 
at a matric potential of -16 cm H20. Hence, it was concluded that the microbial structure 
and environmental conditions within compost remained unchanged and that EC changes 
were due to changes in the physical water content. This was supported by observations 
made by Cox, et al. (1996), where, irrespective of the water activity, styrene degradation 
by a fungal culture was greatly dependent on the media moisture content. The water 
activity (aw) computed for the range of moisture contents (1.65 to 2.20 gig on a dry basis) 
presented here was 0.999975-0.999995 (Papendick, 1980) (ignoring osmotic potential 
contributions), which was sufficient to maintain a bacterial activity (Bohn, 1999). 
Additionally these results support the argument that the difference in EC along the 
wetting and drying curve was due to the presence of water content hysteresis in the 
medium. 
The range of matric potentials studied here was certainly not inclusive of conditions seen 
in biofiltration and the conditions investigated were qualitatively on the wet side. The 
maximum EC was observed at -6 em H20, but this matric potential could be difficult to 
maintain over an entire length of a standard biofilter and there could be additional 
operational issues of pressure drop and leachate production at these water contents. This 
reactor system should be able to investigate the EC at lower water contents more typical 
of industrial biofilter operation 40% - 60% wet basis (0.67-1.5 gig dry basis), which is the 
subject of future work. However at some point, the low hydraulic conductivity of 
compost at low matric potentials could make the maintenance of a constant water content 
over extended periods oftime somewhat difficult (Hon, 1999). 
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8.5 Adsorption Isotherms 
The adsorption isotherms generated at 25°C & 35 °c using microbially inhibited compost 
depicted the variation of toluene sorption with headspace toluene concentration under 
equilibrium conditions. The experimental results obtained in this case indicated that in the 
absence of microbial activity, the compost medium had a significant sorption capacity. 
But, this is case specific as the actual sorption to gas phase contaminant mass ratio would 
depend on the gas volume and the amount of solid in the system considered. For the 
toluene concentration range (0-1000 ppmv) tested under both temperatures, the 
equilibrium solid phase concentration of toluene increased linearly as a function of 
headspace toluene concentration. In this case linear equilibrium isotherms were fitted to 
both sets of data and the equilibrium coefficient in each case determined using an 
ordinary least squares algorithm. These results (Fig. 8.4) also indicated the relative 
influence of temperature effects on the sorption capacity of the bed medium. 
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and at 35 DC (e) 
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The isotherm at 25°C was described by y 5.21 X 1O-5x and at 35°C by y = 4.57x 1O-5x. 
Although, the sorption capacity of the bed medium did not vary significantly with 
temperature, the results indicated that a slight difference did exist in the adsorbed phase 
concentration particularly at higher headspace concentration values. This was also 
consistent with the observations made by Apel et al. (1994) with regard to gasoline 
adsorption onto a compost medium. Literature indicated that this phenomenon was 
attributed to the variation of the equilibrium coefficient with temperature according to an 
Arrhenius type relationship (Ruthven, 1984). Hence, the two equilibrium coefficients 
experimentally obtained at 25 0 C and 35 0 C were fitted to an Arrhenius type model and 
the relevant parameters obtained by minimising the sum of squares of residuals (SSR) 
using the solver tool in Excel®. This equilibrium coefficient with the Arrhenius 
relationship as given below was subsequently used in model simulations. 
[Eq. 8.1] 
The values obtained were as follows, 
ko 7.43x 10'7 g oftoluene/(g of drycompost)(g/m3), M -1 0.5x 1 03 J/mo!. 
However, in order to be unit consistent with the model variables, the equilibrium 
coefficient was converted to be expressed as per volume of compost as given in Eq. 3.18. 
For comparison purposes the adsorption data were fitted to a Freundlich model, which 
also yielded a linear relationship. The equilibrium adsorption coefficient thus obtained at 
25°C amounted to 0.0521 mg/g of dry compost. In this case the adsorbed phase 
concentration was expressed per g of dry compost to provide consistency in the final 
results as the moisture content of the compost used could vary from one sample to 
another. Thus, the value obtained was an order of magnitude smaller than the value 
(0.459 mg/g dry peat) reported by Acuna et al. (1999) and was slightly less than the value 
(0.0225 mg/g moist material) of Shareefdeen et al. (1994). Increased adsorption of 
toluene had been attributed to the presence organic matter in soil (Fan & Scow, 1993)· and 
hence the higher organic content of peat could contribute to the greater sorption effect 
observed. 
130 
Chapter 9: Conclusions and Recommendations 
9.1 Conclusions 
A transient biofilter model incorporating the mass and energy balance was developed 
during this study. An important inclusion was the water balance, which was the main 
mechanism for coupling the biological heat generation with the heat loss to the 
environment. The governing equations were derived from first principles and simplifying 
assumptions. The key assumption in the model was that diffusion in the biofilm was 
neglected, by treating the biofilm as well mixed and in instantaneous equilibrium with the 
gas phase. This permitted the degradation within the biofilm to be written directly as a 
function of the gas phase concentration as in solid-phase catalysis. Under this approach, 
the overall degradation term contained the uncertainty associated with the biofilm 
parameters. A LDF (Linear Driving Force) approach was used to model the dynamics in 
the solid phase, under which the solid phase was treated as consisting of well-mixed 
layers. A biologically limited scenario was modelled as biofilm dynamics were neglected 
and mass transfer dynamics consigned to the inert solid phase. The energy balance of the 
model assumed a pseudohomogeneous structure based on thermal and moisture 
equilibrium in the system. The water balance of the model consisted of the mixed form of 
Richards' equation together with experimentally obtained hydraulic properties of 
compost. Based on the assumptions and structures, a dynamic biofilter model was 
developed where all parameters could be independently verified without any estimation 
from column data. 
Simulations were performed to determine suitable irrigation strategies for a biofilter 
system that was subjected to various practical operational conditions. Constant water 
addition schemes as well as irrigation schemes based on feedback control were 
implemented and each scheme compared in terms of removal and leachate produced. The 
effect of changing the airflow direction periodically was also explored in the simulations. 
A sensitivity analysis was performed to evaluate the influence of model parameters on 
system performance. 
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9.1.1 Dynamic Model Simulations 
Simulations on high and low mass loading scenarios indicated the importance of moisture 
on biofilter performance and also that adequate water addition was imperative in 
maintaining high removal efficiency. Model simulations qualitatively matched the 
experimental results in literature where available, although no explicit experimental 
validation was performed. A simulation varying the inlet air temperature indicated the 
complexity of attempting to maintain a desired moisture content using a constant water 
addition rate. This demonstrated the need to have a water flux that was sensitive to 
moisture variations induced by external disturbances and that arbitrary increases in the 
water flux rate to gain higher removal efficiency would result in greater leachate 
generation. The effect of airflow direction was explored by simulating systems that 
contained both upflow and downflow contaminant streams. The resulting comparisons 
between the airflow directions were supported by experimental observations in literature. 
The model was utilised to determine the effect of directional switching for a high mass 
loading of 60 g/m3h. The 26.5% removal for the three day directional switching, when 
compared with conventional operating schemes did not demonstrate any significant 
improvement, which suggested that the desired increase in moisture was not attained. In 
contrast, directional switching with a one day frequency yielded a higher removal of 32%, 
due to a better moisture distribution from the frequent switchover of the active region. 
The above work necessitated the evaluation of directional switching at higher start-up 
moisture content. Although this approach did produce an improved removal, it was 
similar to an upflow biofilter operated under the same moisture content. This work was 
able to highlight directional switching as a potential operating scheme, particularly when 
the airflow stream is subjected to high frequency changeovers. 
Owing to the inherent weakness of open loop irrigation schemes in maintaining medium 
moisture and removal, when subjected to disturbances, irrigation strategies based on 
feedback control that incorporated on-line measurement of moisture content were 
implemented. Thus two measurements, bed weight and the average of moisture content at 
three points, which corresponded to bulk moisture measurements using load cells and 
point measurements using time domain reflectometry or tensiometers were tested using 
the model. Simulation results were performed for a disturbance rejection scenario that 
incorporated load variations from 13 g/m3h to 62 g/m3h and inlet air temperature 
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variations from 298 K to 283 K. The outcome of the simulations provided a valuable 
insight into the performance of automated irrigation schemes in biofilters subjected to 
external disturbances. The superiority of these schemes over the more traditional direct 
water addition was amply depicted by the maintenance of a higher removal of 84% as 
opposed to the 73% removal achieved in the latter, when subjected to the above 
disturbances. These simulations also demonstrated their capability in maintaining a 
desired bed moisture content, under externally induced moisture variation. 
Although the scheme utilising average moisture content had higher sensitivity to the 
spatial moisture distribution, the overall results in terms of the 84% removal and 
0.07 g/m2s leachate rate were similar to that of the scheme using bed weight. However, an 
improved performance would be possible by the placement of probes at optimum 
positions. The case using bed weight as set point demonstrated that, adequate moisture 
control could also be achieved through common automated irrigation schemes based on 
load cell measurements. Optimising the system parameters to provide a sufficient removal 
with lower leachate could further refine this approach. Overall the simulations performed 
with the above closed loop irrigation schemes indicated their viability for accurate 
moisture control and thereby justified to a certain extent the capital expenditure 
associated with full-scale implementation of such automated schemes. 
9.1.2 Water Content Effects on Degradation 
As model simulations indicated a high sensitivity of moisture content on degradation, this 
relationship was experimentally investigated. A novel batch recycle bioreactor was 
developed, which tightly controlled the moisture content of the packing medium using the 
suction cell principle. The reactor was used to determine the moisture content effect on 
toluene degradation in a compost medium between matric potentials of -36 cm and -6 cm 
H20. The concentration profiles for toluene removal demonstrated an initial region 
deemed to be under maintenance metabolism and a non-linear region indicating a possible 
movement into mass transfer limited metabolism. A maximum elimination capacity of 
155 g/m3h was observed at the highest water contents in the linear region. However, the 
distinction of mass transfer and metabolism effects on the above degradation data would 
require additional experimental analysis. 
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Degradation data obtained from the bioreactor indicated unique elimination capacity 
profiles along the wetting and drying curves. The EC was higher at a given matric 
potential along the drying curve than the wetting curve. The general trend in the data 
obtained qualitatively matched results in literature. Repeatability runs performed along 
the wetting curve for matric potential values of -26 cm and -36 cm thO indicated that 
changes in media moisture content were the sole cause for EC changes in the system. This 
suggested that the difference in EC along the wetting and drying curves was dependent on 
the physical water content and not the matric potential applied. Thus, the 295% increase 
in EC (from 24 to 95 g/m3h) observed at -26 cm H20 along the drying curve was 
attributed to the potential of hysteresis in the physical water content. The possible 
reduction of hysteresis at low water content explained the smaller variation in EC at 
-36 em H20. Although previous observations did not indicate the presence of water 
content hysteresis in compost, the potential for hysteresis from the current set-up would 
be greater as the matric potential was an independent variable. The rigorous maintenance 
of medium moisture content in this experimental set up was confirmed by performing 
periodic dry weight analyses of reactor samples and comparing these with the steady state 
moisture content data. The results indicated that the difference was within the 
measurement error for dry weight analysis (± 2-5 %). 
9.1.3 Sorption Capacity of Compost 
Microbially inhibited compost was used in batch scale experiments to determine the 
sorption isotherm for toluene on compost. The isotherms were generated over a 
concentration range of 0-1 000 ppmv. The temperature effect on the sorption isotherm was 
also determined by performing the above experiment at temperatures of 25°C and 35 DC. 
Linear isotherms were obtained for the above temperatures in the concentration range 
tested. The equilibrium coefficient of the isotherm at 25°C was an order of magnitude 
lower than that reported in literature for peat Based on reported comparisons between 
soil and peat, the lower adsorption capacity suggested a potential limitation of the organic 
content within compost. 
In general the temperature effect on the sorption capacity was more pronounced at the 
higher headspace concentration values, which qualitatively agreed with observations in 
literature. This indicated a varying equilibrium coefficient with temperature, which was 
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subsequently modelled in the form of an Arrhenius type relationship and incorporated 
into the model. 
9.2 Recommendations 
The simulation model developed here provided a flexible, yet comprehensive tool to 
implement and evaluate various biofilter operational schemes under different irrigation 
strategies. The robustness and the accuracy of the simulations generated were numerically 
verified. However, it is recommended that the model be experimentally validated, so that 
its suitability to simulate pilot or full-scale bioreactors could be adequately determined. It 
is also envisaged that the moisture content - degradation effect, which was experimentally 
evaluated, be incorporated into the model to facilitate more accurate simulations. 
Furthermore, the presence of possible hysteresis in water content as concluded in the 
experimental component needs to be further explored. Future work within the research 
group will focus on performing independent experiments to determine the existence of 
separate wetting and drying curves for compost, for a range of matric potential values. If 
the presence of hysteresis is substantiated, it is suggested that this phenomenon be 
reflected in the model simulations. This would involve the incorporation of the hysteresis 
effect in the non-linear, matric potential-conductivity and matric potential-water content 
relationships. 
The reactor configuration developed in this study, with its robust moisture control 
strategy, could be used as a research tool to determine a comprehensive relationship 
between moisture content and degradation. In this regard, the reactor should be used to 
investigate elimination capacities at moisture contents more representative of field scale 
biofilters. These data would provide a valuable input for optimising both pilot and full-
scale biofilter performance, in terms of moisture content. This should be investigated by 
operating the reactor set-up under continuous mode and obtaining the steady state 
elimination capacity data as a function of both inlet concentration and moisture content. 
This form of operation would also facilitate the analysis of Ee transients with moisture 
content changes, which was not possible under the batch system. However, caution must 
be exercised under a continuous gas flow stream as it could lead to bed medium drying, 
potential oxygen limitation and transient inlet concentration. Thus, preventive measures 
should be implemented to overcome the above with particular emphasis placed on the 
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provision of adequate humidification of inlet air. The experimental set-up used manual 
gas sampling and analysis, which was tedious and particularly cumbersome when 
extended runs were performed. With the system configured for continuous flow 
operation, it is however recommended that a combined GC and auto sampling device be 
used to monitor the gas phase accurately and conveniently. Temperature within the 
system though regulated to 30 ± O.SoC could be further improved by using a temperature 
control unit with a rapid response. It is also recommended that the current heat source 
consisting of incandescent bulbs be replaced with a heating coil for durable and reliable 
heat emissions. 
The reactor in its current form should also be used to ascertain the effect of other media 
types and their composition on the degradation rates. This would indicate whether the 
moisture content-degradation relationship is medium specific or not. Since the system has 
a rigorous control over the water content applied this would also permit the studying of 
the implication of trace nutrient additions in a controlled environment. Additional 
experiments should also be carried out to verify the effects of wetting fluids and medium 
pH on the degradation rates of various compounds. 
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Appendix A: Calculation for Thermal Equilibrium 
In the thermal sterilisation of solids/stagnant fluids heat transfer from the surrounding 
particles and time taken to reach a particular temperature within the particle is 
investigated. Thus this approach was used in the biofilter bed by assuming compost 
particles to be spherical in shape and also to be governed by the following transient heat 
conduction equation (Bailey & Ollis, 1986). 
In Bailey & Ollis (1986) this equation is analytically solved to obtain the temperature 
distribution for various elapsed non-dimensional time given by, 
Kt 
The application of the above expression for compost particles by Haug (1993) 
emphasised the fact of increasing the centre temperature to the external surface 
temperature, as this facilitated the remainder of particle to reach the desired temperature. 
For this modelling process too a non-dimensional temperature of {T -T~ ~ = 0.9 was 
I; -10 
selected to give an internal temperature close to that of the external surface. In this case 
the boundary condition at the surface assumed the existence of convective heating 
coupled together with constant conduction within the solid. Thus from the graph 
provided non-dimensional time taken for the above condition was found as 0.3. Hence; 
where, K = thermal conductivity of compost, p = particle size density of compost, 
C p = specific heat capacity of compost, R = radius of the particle. 
146 
In this case a moisture content of 50-60 % (wet basis) (Bohn et al., 1999) along with the 
following parameters were used in the calculation. 
Table 1.3 Parameter values used in equation 
Parameter Value Source 
K 3.77 cal/hr.cm.K Haug, 1993 
p 1.89 glcm3 Hon, 1999 
Cp 0.562 callg.K Haug, 1993 
The time taken for a particle of radius R to reach external temperature was therefore given 
by, 
t= 0.08R2 
Thus considering the nominal particle sizes as stipulated in Hon (1999) the time taken 
ranged from 0.1-2 s. In terms of magnitude analysis the required time would be 1-2 orders 
of magnitude smaller than typical residence time (EBRT) experienced in biofilters. Thus 
it could be said that the solid compost particles attain thermal equilibrium instantaneously 
with respect to the surrounding gas and liquid. Hence the above would justify the 
assumption of local thermal equilibrium between the three phases. 
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Appendix B: O2 Limitation on Batch Operation 
I 
I 
I 
Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 
Toluene 
volume 0.000001 
1:95E.06 i 
I 
(m3) 95 1.95E-06 1.95E-06 1.95E-06 1.95E-06 1.95E-06 1.95E-06 
I Toluene- 7.84136E-
. moles 05 7.84E-05 7.84E-05 7.84E-05 7.84E-05 7.84E-05 7.84E-05 7.~~E-051 1;- ... c~ -02 
volume 
I (m3) 0.001638 0.00162 0.001603 0.001585 0.001568 0.00155 0.001533 0.001515 
~62 moles ~~~-~~~ ~~~- --------
0.065867 
~ 426 0.065162 0.064456 0.06375 0.063045 0.062339 0.061633 0.060927 I -1 
I consume 0.000705 0.0007~~00706 d (moles) 722 0.000706 0.000706 0.000706 . 0.000706 0.000706 I 
O2 left I 
0,001498
1 (moles) 0.001620 
0.0015681 
I 
45 0.001603 0.001585 0.00155 0.QQ'1533 I 0.001515 
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1%02 I ~ 
I (v/v) . I 
I 20.775 I 20.551 
The above calculation was based on the following, 
• Each batch recycle operation (run) was based on an initial gas phase concentration of 250 ppmv. 
• Complete combustion of toluene to C02 and H20. 
• Ideal gas behaviour for oxygen. 
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Appendix C: Simulink and M-FHes 
• The Simulink® models used in the dissertation are included in the CD-ROM attached to the 
back cover. 
• The M- files which contained the code to obtain the necessary variable data from a specified 
matrix in MATLAB workspace after having been transferred from Simulink® using the 
block parameter: To Workspace are as follows, 
• Plot: the spa rno i~:: t: u ~:e j:~Ollt: eJl t: cia ta f 0 l' a ventime 
t=tout/(24*3600J; rep:t:esenl:s the time maLl:b:: :[rom ttl(': time ckmain 
discretisa.tion 
z=linspace(0,100,21) ; ties the discreti ation points along the 
bed 
a=z' ; 
i=find (t>l J i ties the red tJme i.n t:he time domain 
n=J(l,l) 
c=[p20,p19,plB,p17,p16,p15,p14,p13,p12,pll,plO,p9,pB,p7,p6,p5,p4,p3,p2,pl,pO] 
i":matrix compr of the moisture contents 
A=c (n, : ); 8e1e,:.::t8 the l:equi:t:ed moisture dat:a fOJ: a 
b=A' 
plot (a, c (n, : ) ) ; 
hold on 
grid on; 
ylabel (' Vo1UHK,tric VJat:er cont:ent (m3/m3) '); 
xl abel (' Distance rem) I J i 
title('Variation of water content bed , ) 
the bed 
time 
• P1ot,t the gas concentration data for a given time 
t=tout/ (24*3600) i', rep.::-esents the time matr.i;.:: fr:om thE: time domai.n 
discretisation us ODE 15S 
z=linspace(O,100,21)i fie,~~ t~be spat.i di i:) cr," t.L sa t ion I::s a 
bed 
a=z' 
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~l:he 
i=find(t>l) ; 
n=i(l,l) 
c=[y20, 9,y18, 
ftes the I'lt i.n the t: .. ime domain 
7,y16,y15,y14,y13,y12,yll,yl0,y9,yB,y7,y6,y5,y4,y3,y2, 
of the concentration along the bed eng h 
A=c (n, : ) ;;~ elect::: the 
b=A' 
plot(a,c(n,:)) i 
grid on; 
hold on 
red concentration data for a 
( • Exi t c.oncentration (g 1m3) , ) ; 
xlabel ( 'IJis tanc€' ('~crn) , ) ; 
title('Concentration profile of Toluene along bed length', 
& Plot the ternperat.ure data for a ven time 
time 
t=tout/(24*3600) ; 
discretisation us 
the time mat.rix from the time domain 
OL'E ISS 
, yO) 
z=linspace(O,lOO,21) ; 
bed 1 
fies the al ciiscretisation alOlH} the 
a=z' ; 
i=find (t>l) fies the red time in the tirne domain 
n=i (1,1) 
c=[t20,t19,tlB,t17,t16,t15,t14,t13,t12,tll,tl0,t9,tB,t7,t6,t5,t4,t3,t2,tl,tO] 
; '~matrix of the temperatures 
A=c(n,:); selects the 
b=A' 
plot(a,c(n,:) I 
ylabel (' ~ (k) , ) i 
xlabel('Distance(cm} 'I; 
title (' 
hold on 
grid on; 
ture p.r.ofile 
r:ecl 
the bed ') 
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the bed length 
data for a given time 
, Plot ng the spatial on data 
(24*3600) i" the time mEl tr.iz from ~che time doraa:Ln 
dis cret.isat,ioTI 
z=l (0,100,21); fies the al eli cretisation the 
bed 
a=z' ; 
i=find(t>l); specifies the l':ed time nt ,in the time domain 
n=i (1,1) 
c=[dO,d1,d2,d3,d4,dS,d6,d7,d8,d9,dlO,d11,d12,dl3,d14,dlS,dl6,d17,d18,dl9,d20] 
,S the local 
A=c(n,:); selects the 
b=A' 
plot(a,c(n,:)) ; 
ylabel ( t ( c; I m3 s) , ) ; 
xlabel('Oistance(cml 'I; 
ate:;; a,lo11q the bed 
degradation rate data for a 
ti tle ( 'Oeg.radation profi,le along compost bed ') 
hold on 
grid on; 
., Plotting the local data for a time 
t:h 
time 
t=tout/ (24*3600); '!; represents the time matrix from t,ne t.ime domain 
discretisation usinq ODE', ISS 
z=l 
bed 1 ,""n~rth 
a=z'i 
(0,100,21); fies the 
i=fJnd(t>24.9);~ specificis the 
n:=i(1,11 
discretisatJon nts 
time point in the time domain 
the 
u:=uO ( : ,2) ; fies the se1er.,tion of the ~;l1d column of matriz at 
the bottom 0 column 
u20=5.46*le-8*ones(size(u1)) ;~ fies the magnitude of the veoci.ty at tbe 
of column unde.r i'\ constant flu:{, 
c=le 8 * [u I u1 ( : , 2) , u2 ( : ,2) , u3 ( : , 2) I u4 ( : , 2) , uS ( : , 2) , u6 ( : , 2) , u7 ( : ,2) , u8 ( : , 2) , u9 ( : 
,2) , u 1 0 ( : , 2) , u11 ( : ,2) , u 12 ( : ,2) I ul3 ( : ,2) , u14 ( : ,2) , ulS ( : ,2) , ul6 ( : ,2) , u 17 ( : , 2) , u 
18 ( : I 2 ) , u 19 ( : , 2) , u2 0 ( : ,21 ] ; 
~mcitI'ix compr.i.si.nq of t:he local velociti.es aJ,onq 'the bed 
A=c(n,:) i" selects the cl.:"l t.a for a ime 
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b=A' 
(a,c(n,:)) ; 
on; 
hold on 
ylabel (' velocity(m/s) '); 
xlabel ( 'Dist:ance (em) , ) ; 
title ( , v<,,:locity profile bed , ) 
the variation of bed weight with time 
t=tout/(24*3600);~ r s the time mat.rix from the time domain 
discretisation using ODE 153 
hold on 
grid on: 
i=find (t>l. 8) ; 
n=1(1,1) 
1:.1.(;13 Ute required time point in the time domain 
ot(t,bd20(:,2)) ; 
ylabel ( , Bed 
xlabel ( 'Time ( 
(q) ') ; 
, ) ; 
title('Peedback control , ) 
• Tran,s of variable data under one flow direction as t.he initial 
values for simulation under directional awi 
t=tout/ (24*3600);t .represents the time matrix from the time dOHlain 
discret::i.f,at on ODE ViS 
(0,100,21): fies the 
bed length 
A=z I; 
i=find (t>l) ; 
n=i(l,1) 
speci fies the .reel tiIJle 
discretisation points 
in the tiTne domain 
tbe 
% ort,w,s represent tte concentration, moisture and soild phase 
concen tra.t;ion 
c=[yO, ,y2,y3,y4, ,y6,y7,y8,y9,ylO,yl1,y12,y13,y14,y15, 6,y17, 8,yI9,y20] 
153 
t=[tO,t1,t2,t3,t4,t5,t6,t7,t8,t9,t10,t11,t12,t13,t14,t15,t16,t17,t18,t19,t20] 
w= [p 0 , p 1 , P 2 , ,p4,p5,p6,p7,p8,p9,p10,p1 ,p12,p13,p14,p15,p16,p17,p18,p19,p20] 
s=[qO,q1,q2,q3,q4,q5,q6,q7,q8,q9,q10,q11,q12,q13,q14, ,q16,qI7,q18,qI9,q20J 
Selection of the relevant variables at the 
OJ: dovmflovJ. 
for m=l: 21 
end 
C=c ( : , m) ; 
l(m)=C(n,:)i 
T=t(:,m); 
A (m) =T (n, : ) ; 
a=A' ; 
W""I/l (: ,m) ; 
B(m)=W(n,:) ; 
b=B; 
S =8 ( : , m) ; 
g (m) =S (n, : ) ; 
red time values under 
~Tracks the concentrations in as initial values for downf1ow or vice-
veLsa 
fO=1(1,1) ;f1=1(1,2);f2=1(I,3);f3=1(1,4) ;f4=1(I,5);f5=1(1,6):f6=1(I,7) ;f7=1(l, 
8) ;f8=1(1,9) if9=1(1,10) iflO=1(1,ll); 
f11=1(I,12) ;fI2=1(1,13);fI3=1(l,14);f14=1(l,15);f15=1(l,16) ;f16=1(l,17):f17=1 
(1, 18) ; flB =1 (1, 19) ; fl9=1 (1,20) ; 
Tra<; 1:3 t:he 
dm·mf1m" 
s as initial values for 
a1=a(1,2) ;a2=a(1,3) ;a3=a(1,4);a4=a(l,5);a5=a(1,6) ;a6=a(I,7) ;a7=a(1,8) ;a8=a(1, 
9) ;a9=a(I,10);al0=a(I,11); 
a11=a(I,12);aI2=a(I,13) ;aI3=a(I,14);a14=a(1,15);a15=a(1,16) ;a16=a( ,17) ;aI7=a 
(1, 18) ; a 18 =a (1, 19) ; a 19=a ( 1,20) ; 
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STrack", t: h"',rloi s l: 1.H€ ,::'mlt en val.ues upflow as jnitia' va!u2s th€ 
dO"\l>lnflol,y or \lice-~~versa 
cO=b(l,l) ;c1=b(1,2) ;c2==b(1,3) ;c3=b(1,4};c4=b(1,S);c5=b(1,6) ;c6=b(1,7);c7=b(1, 
8) ;c8=b(1,9) ;c9'=b(1,10) ;c10=b(1,1l); 
c11=b(l,12);c12=b(1,13);c13=b(1,14) ;c14=b(1,lS) ;c15=b(1,16) ;c16=b(1,17) ;c17=b 
(l,lS) ;c1S=b(1, 19) ;c19=b(l,20) ;c20=b(1,21); 
Tracks the solid concentration in ow as initial values for 
dot-mfloh' or VJ.ce-versa. 
hO=g(1,1);hl=g(l,2);h2=g(1,3) ;h3=g(1,4) ;h4=g(1,S); 
8) ;hS=g(1,9) ;h9=g(1,10) ;hl0=g(1,1l); 
hI (1,12) ;h12=g(1,13) ih13=g(1,14);h14=g(1,15); 
(l,lS) ;h1 (1,19) i (1,20) ;h20=g(I,21); 
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(1,6); (1,7);h7=g(1, 
(l,16);h1 (1,17) ihl7=g 
Appendix D: Concentration Data from the Differential 
Reactor 
• Increasing media moisture content (wetting curve) 
1. Concentration profile and data at -6 cm H20 matric potential 
300 
'-lIIr- Matric Potential -6cm 
250 
"> E §: 200 
.........., 
c: 
0 150 :.-:= 
t\l 
L.. 
--c: (J) 100 {) 
c: 
0 
0 50 
0 
0 10 40 50 
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Time (Hours) Concentration (ppm,,) 
0 246.29 
1 215.68 
2 ] 85.68 
3 155.41 
4 125.64 
5 84.71 
6 60.67 
9 11.26 
11 3.84 
12 4.30 
15.5 3.1 
Sample Calculation for Degradation 
As discussed in chapter 8, in calculating the degradation the concentration in the linear 
region was used. A sample calculation for the degradation at -6 em H20 matric potential is 
given below. All other degradation calculations at different matric potential values used a 
similar approach. 
Reactor volume 
Reservoir volume 
Total volume 
Temperature = 30°C 
= 2.1Sx 10-3 m3 
0.009 m3 
= 9.28x 10-3 m3 
Slope from the linear region of the concentration profile = 32 ppmlh 
Degradation rate 
Weight of wet compost used 
{(l01.3 X 9.28X32X 10.6)/(293 X8.314)} x92.14 g/h. 
0.0011 g/h 
=3g 
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:.Normalised degradation 
Bulk density of wet compost (60% wet wt) 
:. The Elimination capacity of the system 
= 0.0011/3 
0.000367 gig wet compost h 
== 440 kg m-3 
0.000367 x 440xl03 
161 glm3JL· 
2. Concentration profile and data at -16 em H20 matric potential 
1200 
--+- Matric Potential -16cm 
...--- 1000 
> E 
c.. 800 c.. 
"-' 
c: 
0 600 +=l rn 
'-
..... 
c: 
Q) 400 (.) 
c: 
0 
0 200 
0 
0 10 20 30 40 50 
Time (Hours) 
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Time (Hom's) Concentration (ppmv) 
0 1000 
1 894.28 
1 882.36 
2 818.3 
3 778.06 
3 779.93 
4 760.51 
4 704.55 
5 685.50 
5 670.61 
6 646.5 
7 640.45 
9 498.27 
9.5 461.36 
10.5 404.95 
11.5 382.75 
11.5 388.82 
12.5 375.52 
12.5 330.20 
13.5 308.55 
13.5 280.10 
14.5 217.66 
14.5 221.36 
15.5 205.72 
16.5 138.84 
16.5 144.74 
17.5 121.32 
18.5 88.245 
19 68.28 
19.5 70.25 
23.5 23.86 
24.5 21.24 
25.5 23.04 
27.5 23.98 
28 18.15 
29 13.15 
45 12.55 
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3. Concentration profiJe and data at -26 em H 20 matric potential 
300 
-It- Matric Potential -26cm 
250 
~ 
> 
E 
Q. 200 Q. 
'--" 
C 
0 150 :.;:::; 
cu 
'-
...... 
c 
(l) 100 0 
c 
0 
u 50 
0 
0 10 20 30 40 50 
Time (Hrs) 
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Time JHoursl Concentration (ppmv) 
° 
266.76 
1 ] 92.97 
2 172.55 
3 157.68 
4 ]47.28 
5 ] 27.35 
6 131.21 
6 121.14 
7 111.00 
8 113.04 
9 97.63 
9.5 87.30 
11.5 65.19 
12.5 60.99 
13.5 58.44 
15 53.17 
17.5 44.83 
19.5 29.02 
21.5 23.96 
22.5 14.80 
23.5 18.26 
24.5 5.72 
26 4.35 
27 
° 39 
° 
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4. Concentration profile and data at -36 cm H20 matric potential 
300 
250 
""'> 
E 
a.. 200 a.. 
.........-
c: 
0 
:.0:::; 150 ~ 
+-I 
c: Q) 100 t) 
c: 
0 
U 50 
0 
0 10 
Time (Hours) 
0 
1 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
13 
-+- Matric Potential -36cm 
20 
Time (Hrs) 
30 
Concentration (ppmv) 
277.64 
276.41 
215.20 
181.31 
160.48 
148.38 
118.81 
100.65 
101.27 
89.19 
85.34 
73.42 
71.59 
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40 
18 42.81 
19 40.75 
20 34.78 
2] 30.58 
22 22.8] 
23 17.1 
24.5 17.75 
27 17.1 
37 0 
• Decreasing media moisture content (drying curve) 
In ascertaining the degradation rates for decreasing moisture content only the linear regions 
of the concentration profiles were monitored and recorded, as this section was explicitly uses 
used for computational purposes. Also as stated in chapter 8 the non-linear region in this 
batch experiment took extended periods of time to evolve and caused practical difficulties in 
monitoring in terms of the time and technical constraints. 
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5. Concentration profile and data at -26 em H20 matric potential 
300 
_ 250 
> E 
§: 200 
---c: 
0 150 :;::; ttl 
I-
...... 
c: Q) 100 C,.) 
c: 
0 
u 50 
0 
0 2 
-+- Matric Potential -26cm 
4 6 
Time (Hours) 
8 
Time (Hours) Concentration (ppmv) 
0 251 
1 227 
2 209 
3 197 
3.75 177 
6 132 
7 119 
8.25 101 
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10 
6. Concentration profile and data at -36 cm H20 matric potential 
300 
· 
--
250 
> .......... 
E 
c. 200 -c. 
......., 
c: 
· 0 
:;::; 150 -~ 
...... 
· c: 
Q) 100 . u 
c: 
0 
0 50· 
· 
0 . • • I . • . 
0 2 4 6 8 
Time (Hours) 
Time (Hours) Concentration (ppmv) 
0 238.83 
0.5 229.28 
1.5 226.88 
2.5 224.44 
3.5 213.99 
4.5 202.84 
6.5 189.19 
7.25 179.32 
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• Repeatability Runs 
As stated in chapter 8 repeatability runs were perfonned for matric potential values of -26 & 
-36 cm H20 along the wetting direction. In this case too only the linear region of the 
concentration profile was obtained, as focus was concentrated on this particular region. 
7. Concentration profile and data at -26 cm H20 matric potential 
260 
--;:- 250 
E 
0. 
0. 
~ 240 c 
0 
:.;:::l 
~ 
....... 230 c (l) 
(.) 
c 
0 
0 220 
210 
0 1 
-+- Matric Potential -26cm 
234 
Time (Hours) 
5 
Time (Hours) Concentration (ppmv) 
0.00 256 
1.00 242 
1.75 238 
2.75 230 
5.25 218 
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6 
8. Concentration profile and data at -16 cm H 20 mah-ic potential 
300------------------------------------------~ 
250· 
-.. 
> 
E 
8:: 200 
'---' 
c 
o 
:.;::; 150· ~ 
....... 
c 
~ 100· 
c 
o 
o 
50· 
-+- Matric Potential -16cm 
O~----~----I~-----------I-----------.----.~--~ 
o 2 4 6 8 
Time (Hours) 
Time (Hours) Concentration (ppmv) 
0 276.85 
1 267.74 
2 252.54 
3 237.28 
4 235.39 
6 214.17 
7 2]0.56 
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